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Referat:
Eisbildungsprozesse beeinuÿen maÿgeblich die Eigenschaften vonWolken und haben
daher eine wichtige Bedeutung für Wetter und Klima. Primäre Eisbildung ist das Re-
sultat von homogener oder heterogener Eisnukleation. Letztgenannter Prozess wird
von sogenannten eisnukleierenden Partikel (INP) katalysiert. Mineralstaubpartikel
gehören zu den atmosphärischen INP. Die meisten Mineralstaubarten sind unter-
halb von −20 ◦C eisaktiv. Jedoch deuten atmosphärische Beobachtungen darauf hin,
dass Immersionsgefrieren als einer der wichtigsten heterogenen Eisbildungsprozesse
bei Temperaturen auch oberhalb von −15 ◦C abläuft. Eine mögliche Erklärung für
das Vereisen von Wolken bei hohen Temperaturen könnte das Vorhandensein von
eisnukleierendem biologischen Material (z.B. Bakterien) sein. Unser grundlegendes
Prozess- sowie auch unser qualitatives Verständnis von heterogener Eissnukleation in
der Atmosphäre ist begrenzt. Um das Prozessverständnis des Immersionsgefrierver-
haltens von Mineralstaub und Bakterien INP zu verbessern wurden im Rahmen dieser
Arbeit experimentelle und theoretische Untersuchungen durchgeführt. Dafür wurden
auf Grundlage von Modellsimulationen Immersionsgefrierexperimente für den Leipzig
Aerosol Cloud Interaction Simulator (LACIS) entwickelt. Das Immersionsgefrierver-
halten von Mineralstaub und Bakterien INP wurde in Abhängigkeit von Temperatur
und Partikeloberäche/Partikelanzahl an LACIS untersucht. Eine wesentliche Er-
kenntnis dieser Arbeit ist, dass das Immersionsgefrierverhalten von Kaolinit, einem
Vertreter des Mineralstaubes, nicht vom Tropfenvolumen, aber von der Partikelo-
beräche abhängt. Die untersuchten Kaolinitpartikel lösten Gefrieren unterhalb von
−30 ◦C aus. Im Gegensatz dazu initierten eisaktive Proteinkomplexe, die verantwort-
lich sind für die Eisaktivität von Bakterien, das Gefrieren schon bei −7 ◦C. Auÿerdem
wurde gezeigt, dass die Eisaktivität der Proteinkomplexe unabhängig davon ist, ob
die Proteinkomplexe mit der äuÿeren Zellmembran intakter Bakterien oder deren
Fragmente verbunden sind. Des Weiteren hängt das Immersionsgefrierverhalten von
der Anzahl und Art vorhandener eisaktiver Proteinkomplexe im Tropfenensemble ab.
Das Immersionsgefrierverhalten von Mineralstaub und Bakterien INP wurde unter
Berücksichtigung der Zeit parameterisiert. Dies ermöglichte es, Ergebnisse aus der
Literatur für beide INP Typen zu reproduzieren. Diese Parameterisierungen sind ge-
eignet für die Anwendung in z.B. wolkenauösenden atmosphärischen Modellen.
∗
157 S. (Seitenzahl insgesamt)
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Abstract:
Ice formation largely inuences the properties of clouds and hence it has an impor-
tant impact on weather and climate. Primary ice formation is a consequence of either
homogeneous or heterogeneous ice nucleation. The latter process is catalyzed by a
foreign substance called Ice Nucleating Particle (INP). Mineral dust particles were
found to contribute to atmospheric INPs. Most types of mineral dust are ice active
below −20 ◦C. In contrast, atmospheric observations indicate that immersion freez-
ing as one of the most important heterogeneous ice nucleation processes can occur
at temperatures higher than −15 ◦C. One possible explanation for cloud glaciation
at high temperatures might be the presence of biological material (e.g. bacteria) in-
ducing ice nucleation. Our fundamental process and even qualitative understanding
concerning atmospheric heterogeneous ice nucleation is limited. In the framework of
the present thesis, experimental and theoretical work was carried out to improve the
basic understanding of the immersion freezing behavior of mineral dust and bacterial
INPs. On the basis of model simulations immersion freezing experiments were de-
signed at the Leipzig Aerosol Cloud Interaction Simulator (LACIS). The immersion
freezing behavior of mineral dust and bacterial INPs was studied in dependence of
temperature and particle surface area/number at LACIS. As a results of the present
thesis, it was found that the immersion freezing behavior of kaolinite being a proxy
of mineral dust INPs does not depend on the droplet volume, but on the particle
surface area. The kaolinite particles investigated caused freezing below −30 ◦C. In
contrast, Ice Nucleation Active (INA) protein complexes that are attributed to bac-
terial INPs were found to induce freezing at −7 ◦C. Furthermore, it was shown that
the ice nucleation activity of protein complexes is very similar regardless of whether
the INA protein complex is attached to the outer cell membrane of intact bacteria or
to cell membrane fragments. The immersion freezing ability depends on the number
and type of INA protein complexes present in the droplet ensemble. The immersion
freezing ability of mineral dust and bacterial INPs was parameterized accounting
for the time eect. With this, results from literature could be reproduced for both
INP types. These parameterizations can be used in e.g. cloud resolving atmospheric
models.
∗
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Ice containing clouds such as cirrus and mixed-phase clouds have a large impact
on weather and climate (Lohmann, 2006). Ice formation changes cloud radia-
tive properties (DeMott et al., 2003b), aects cloud dynamics, cloud chemistry,
cloud electricity, and is the source of the most eective pathway to form pre-
cipitation in mixed-phase clouds. Ice particles in clouds are formed either by
primary or secondary ice formation (Cantrell and Heymseld, 2005). Primary
ice formation is always a consequence of a nucleation, i.e. the rst step in a
phase transition process. Secondary ice formation, i.e. ice formation due to
ice multiplication processes such as mechanical fragmentation, Hallett-Mossop
and fragmentation during drop freezing, increases the number of ice particles
(Pruppacher and Klett, 1997). The relative importance of both ice forming
processes is still not well understood.
Primary ice formation occurs either through homogeneous or heterogeneous
ice nucleation. Homogeneous ice nucleation takes place in a supercooled water
or solution droplet. In contrast, for heterogeneous ice nucleation the presence
of a foreign substance called Ice Nucleating Particle (INP) is required (Vali
et al., 2014). The INP catalyzes the nucleation process causing heterogeneous
ice nucleation to take place at higher temperature or lower supersaturation
than homogeneous ice nucleation. Commonly, it is distinguished between dif-
ferent heterogeneous freezing modes. Specically these are deposition nucle-
ation, condensation, immersion, and contact freezing. In the framework of the
present thesis, I will focus on immersion freezing. For immersion freezing, the
ice nucleation takes place in a supercooled liquid at the surface of the immersed
INP. Lidar and radar observations indicate that immersion freezing is one of
the most important mechanisms for ice formation in atmospheric mixed-phase
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clouds (Ansmann et al., 2009; Westbrook and Illingworth, 2011; de Boer et al.,
2011).
Case studies analyzing the chemical composition of ice crystal residues indicate
that mineral dust, y ash, metallic and organic/biological particles contribute
to atmospheric INPs (Kumai, 1961; DeMott et al., 2003b; Twohy and Poellot,
2005; Richardson et al., 2007; Mertes et al., 2007; Pratt et al., 2009; Kamphus
et al., 2010; Baustian et al., 2012; Cziczo and Froyd, 2014). Glaciation of super-
cooled clouds due to mineral dust was found by DeMott et al. (2003b), Sassen
et al. (2003), Mahowald and Luo (2003) and Seifert et al. (2010). However, in
reviews of laboratory measurements (Hoose and Moehler, 2012; Murray et al.,
2012), most types of mineral dust are reported to be ice active below −20 ◦C,
while atmospheric observations indicate that heterogeneous ice nucleation in
mixed-phase clouds can also occur at temperatures higher than −15 ◦C (Ans-
mann et al., 2009; Seifert et al., 2010; Kanitz et al., 2011; Bühl et al., 2013).
One possible explanation for cloud glaciation at the observed temperatures
might be the presence of biological material (e.g. bacteria). This biological
material may be internally mixed with other substances (e.g. mineral dust) in
atmospheric aerosol particles (Pratt et al., 2009; Baustian et al., 2012). How-
ever, atmospheric number concentrations of biological INPs, their spatial and
temporal distribution, and their role in triggering ice formation is still not suf-
ciently understood (DeMott and Prenni, 2010). This clearly indicates that
our knowledge concerning heterogeneous ice nucleation is limited. We can only
speculate which kind of particles are ecient INPs in the atmosphere, and as
stated in Murray et al. (2012): [...] our basic understanding of what makes
an eective ice nucleating material remains limited. At present the only way
of determining if a particular material is eective at nucleating ice is by quan-
titative experimentation.
In other words, we are lacking both, fundamental process and even qualitative
understanding concerning atmospheric heterogeneous ice nucleation.
To improve on this situation, in the framework of my thesis, I investigated
the immersion freezing behavior of mineral dust and bacterial particles in the
laboratory. In the following paragraph the state-of-the-art concerning existing
measurement techniques will be presented. In the course of this, the needs for
further research will be identied in more detail.
There is a variety of methods for investigating heterogeneous ice nucleation.
Here I will only deal with those that can be used for studying immersion
freezing processes. Examples are the wind tunnel method (Pruppacher and
2
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Neiburger, 1968), the method of electrodynamic and acoustic droplet levi-
tation (Davis, 1997; Diehl et al., 2009), the method of dierential scanning
calorimetry (Koop et al., 1999) as well as the method of using a freezing ar-
ray/cold stage cell apparatus (Koop et al., 1998). These methods are relatively
easy to use. However, some adverse aspects of them are mentioned in the fol-
lowing. All methods have a high statistical uncertainty due to a small number
of droplets being analyzed. In these methods often large droplets with a large
and occasionally varying number of immersed INPs are used. Thus the particle
number/surface areas analyzed are often very large and not well specied. In
Marcolli et al. (2007), it was concluded that studying the immersion freezing
behavior of only one up to a very few particles per droplet is more repre-
sentative for atmospheric conditions. Also, from measurements with a larger
number of immersed particles misleading conclusions have been drawn. For
example it was stated that immersion freezing depends on droplet volume (e.g.
Vali, 1971; Pruppacher and Klett, 1997) which will be disproven in this thesis.
Furthermore, in the case of freezing array and dierential scanning calorime-
try experiments, potential interference due to nucleation by the substrate on
which the droplets are placed can not be excluded (Murray et al., 2012).
Utilizing the so-called cloud chamber methods, such uncertainties are excluded
from the beginning as many single air-suspended droplets with a single par-
ticle being immersed in each are analyzed. Three dierent types of cloud
chambers are classied according to the mechanism used to achieve super-
saturation with respect to water and/or ice. Supersaturation can be obtained
by adiabatically expanding the gas inside the chamber (expansion cloud cham-
ber, e.g. Aerosol Interaction and Dynamics in the Atmosphere, AIDA, Moehler
et al., 2003), using the mixing of warm humidied with cold dry air (Fast Ice
Nucleus CHamber, FINCH, Bundke et al., 2008), or by combined heat-vapor
diusion. A number of diusion chambers exist which dier in conguration
and water vapor source. There are three original laminar diusion chambers
on which newer ones are based on: the Continuous Flow Diusion Chamber
(CFDC, Rogers, 1988), the Zurich Ice Nucleus Counter (ZINC, Stetzer et al.,
2008) and the Leipzig Aerosol Cloud Interaction Simulator (LACIS, Stratmann
et al., 2004).
In cloud chamber experiments, investigations with either polydisperse or mono-
disperse aerosol particle distributions are performed. Experiments with poly-
disperse aerosol particles do not allow for the separation of size, composition
and mixture (external/internal) eects and hence the interpretation and quan-
3
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tication of the ice nucleation results is dicult. In Niemand et al. (2012) a
method was developed which takes the particle size distribution as a basis to
determine the total surface area of the particles involved in the experiment.
For that it has to be assumed that all droplets contain particles of the same
composition and with the same surface properties, which needs to be proven
rst (also recommended in Hoose and Moehler, 2012). In contrast, performing
measurements with monodisperse particles at dierent sizes, no such assump-
tions have to be made.
Therefore, to minimize statistical uncertainties, circumvent eects caused by
the presence of large numbers of INPs inside freezing droplets, and allow for
the quantication of particle size eects, I investigated the immersion freez-
ing of suciently large droplet populations, in which each droplet contained a
single, size-selected, quasi-monodisperse aerosol particles. The investigations
were carried out at the LACIS.
Next, I will deal in more detail with the scientic questions considered in
the framework of my thesis. As mentioned before, mineral dust and bacterial
particles are highly probable candidates in the context of atmospheric ice nu-
cleation. Early laboratory studies from Mason and Maybank (1958), Mason
(1960), Hoer (1961), Pitter and Pruppacher (1973) and Pruppacher and Klett
(1997) already examined immersion freezing caused by mineral dust particles.
They reported the observed freezing behavior in dependence of temperature,
without taking the involved particulate mass or surface area into account.
This led to discrepancies in the observed freezing temperatures. Recently,
more advanced experiments were performed (Marcolli et al., 2007; Connolly
et al., 2009; Lüönd et al., 2010; Niedermeier et al., 2011a; Murray et al., 2011;
Broadley et al., 2012; Pinti et al., 2012; Niemand et al., 2012; Welti et al.,
2012; Tobo et al., 2012; Wex et al., 2014b). In these studies, the particle sur-
face area was determined, and correlations between particle surface area and
the probability of freezing were found. However, to my knowledge a clear and
proven quantitative relation between INP surface area and the probability of
immersion freezing taking place was lacking and consequently became a topic
of this thesis. The immersion freezing behavior of single, size-selected kaolinite
particles was investigated. Kaolinite was chosen as it is a well known and quite
often analyzed proxy for atmospheric mineral dust since the 1960s.
Since the 1970s, the ice nucleation behavior of bacteria was investigated
(Maki et al., 1974; Vali et al., 1976; Maki and Willoughby, 1978; Yankofsky
et al., 1981; Lindow et al., 1982; Levin and Yankofsky, 1983; Orser et al., 1985;
4
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Turner et al., 1990; Cochet and Widehem, 2000). Among other Ice Nucleation
Active (INA) bacteria, Pseudomonas syringae (Schnell and Vali, 1972) was
found in the atmosphere. Their ice nucleation activity was studied following
the drop freezing method as described in Vali (1971). This method is similar
to freezing array/cold stage cell experiments and features similar limitations
(see above). The ability of bacteria to nucleate ice is based on INA protein
complexes anchored in the outer membrane of the bacterial cell wall (Wolber
et al., 1986). These protein complexes can be considered as the smallest INA
feature of the bacteria (e.g. Morris and Sands, 2012). Beginning in 2000, some
cloud chamber studies investigated the ice nucleation behavior of air-suspended
droplets containing SnomaxTM which consists of nonviable P. syringae cells.
SnomaxTM can be considered as a convenient surrogate for living bacteria
(e.g. Wood et al., 2002; Moehler et al., 2008) or as a substance providing
INA protein complexes. In these studies, investigations were performed for
polydisperse INP distributions, making the interpretation and quantication
of the ice nucleation ability dicult (see above). For bacterial INPs, onset
temperatures or INP concentrations are reported ranging between −2 ◦C and
−12 ◦C. A trend of the freezing probability depending on SnomaxTM/bacteria
cells concentration was observed in e.g. Ward and DeMott (1989) and Cochet
and Widehem (2000). However, a clear quantication of the ice nucleation
behavior of bacterial INA protein complexes did not exist for atmospherically
relevant conditions, and became topic of my thesis.
Finally, it is worth mentioning, that the works of this thesis are not only
intended to gain quantitative process understanding, but also to derive and test
parameterizations describing the immersion freezing behavior of mineral dust
and bacterial INPs. The objectives of the present work can be summarized as
follows:
• design of immersion freezing experiments at LACIS in the temperature
range relevant for mixed-phased clouds
• quantication of the ice nucleation behavior of mineral dust particles and
bacterial INA protein complexes in dependence on temperature, time and
surface area/number
• parameterization of the immersion freezing behavior of mineral dust par-
ticles and bacterial INA protein complexes for cloud modelling.
Please note that the present thesis contains gures and text passages of my




Fundamentals of ice nucleation
in the atmosphere
In the atmosphere liquid water droplets exist at temperatures well below the
melting point of ice. The so-called supercooled water droplets are in a ther-
modynamically metastable state which is the consequence of an energy barrier
that characterizes the rst-order phase transition1 from the liquid water to the
ice phase. Therefore, freezing of supercooled droplets is always a consequence
of ice nucleation. If the nucleation process occurs in a pure liquid or an aque-
ous solution droplet it is called homogeneous ice nucleation. Homogeneous ice
nucleation is important at very low temperatures (below −35 ◦C, DeMott and
Rogers, 1990; Stöckel et al., 2005). At higher temperatures atmospheric ice
particles are nucleated due to heterogeneous ice nucleation. In that case the
energy barrier is lowered due to the catalysis from a foreign substance (Cantrell
and Heymseld, 2005) called Ice Nucleating Particle (INP, Vali et al., 2014).
Both processes will be explained in the following.
2.1 Homogeneous ice nucleation
2.1.1 Occurrence
As homogeneous ice nucleation takes place at a temperature below around
−35 ◦C it may play a role in the upper troposphere, lower stratosphere and
also near Earth's surface in cold climates. In fact homogeneous ice nucleation
1This rst-order phase transition exhibit a discontinuity in the rst derivative of the
chemical potential with respect to temperature.
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of supercooled water droplets was found to occur in cirrus clouds (Sassen and
Dodd, 1988; Jensen et al., 1998; Rogers et al., 1998; Cantrell and Heymseld,
2005), in updrafts of convective cumulus clouds (Rosenfeld and Woodley, 2000;
Heymseld et al., 2005) and in cold orographic wave clouds (Heymseld and
Miloshevich, 1993). Due to the absence of ecient INPs, homogeneous ice
nucleation is supposed to be the dominant ice forming mechanism in the upper
troposphere (Sassen and Dodd, 1988; Heymseld and Sabin, 1989; Kaercher
and Lohmann, 2003; Haag et al., 2003). Homogeneous ice nucleation is also
an important ice forming process in polar stratospheric clouds (Chang et al.,
1999; Tabazadeh et al., 2002) as well as in ice fogs near the ground (Tabazadeh
et al., 2002). It needs to be pointed out, that the mentioned temperature of
−35 ◦C is not a xed threshold. The exact temperature where homogeneous
ice nucleation can be observed depends on the droplet volume, the time for
ice nucleation and the concentration of the solute. Aqueous solution droplets
freeze at a lower temperature compared to pure liquid water droplets due to
the eect of the solute (e.g. Koop et al., 2000).
2.1.2 Theoretical description
Homogeneous ice nucleation as the initiation process of liquid to solid phase
transition can be described as a stochastic process. The theoretical concept is
provided by the Classical Nucleation Theory (CNT). Ideas go back to Gibbs
(1875-1878), Volmer and Weber (1926), Farkas (1927), Becker and Döring
(1935), Zeldovich (1942) and Turnbull and Fisher (1949). The derivation and
explanations about CNT can be studied in textbooks such as Pruppacher and
Klett (1997) and Seinfeld and Pandis (1998). In this section the derivation of
change in Gibbs free energy, its critical value and the nucleation rate describing
the ice nucleation process will be summarized.
In a supercooled liquid (metastable phase) small transient molecular clusters
are formed. They vary in size due to incorporation and detachment of water
molecules as a result of uctuations in time and space of temperature and
density in the liquid phase. Once one of these clusters exceeds the critical size,
it starts to grow spontaneously, hence initiates the nucleation process and forms
the stable ice phase. Assuming a steady-state distribution of cluster sizes, the
phase transition can be described by a change in Gibbs free energy, i.e. a Gibbs
free energy dierence between the liquid and the ice phase. The formation of
a new interface as well as the bulk conversation of molecules from the liquid
8
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water to the ice phase are considered. Assuming spherical cluster shape, the
change in Gibbs free energy ∆Gn of a cluster consisting of n molecules can be
written as:
∆Gn(T ) = 4πr
2
nσw/i(T ) + [µi(T )− µw(T )]n (2.1)
where rn represents the radius of the molecular cluster, T is the temperature,
σw/i denotes the temperature dependent interfacial free energy between the
liquid water and the solid ice phase. In the CNT it is assumed that small
molecular clusters have the same interfacial free energy as the bulk liquid
(capillarity approximation). The chemical potentials of liquid water and the
ice phase are given by µw and µi, respectively. The dierence of the chemical
potentials can be expressed as:






with the Boltzmann constant kB, the saturation vapor pressures of supercooled
water pw and ice pi at the same temperature, where the quotient corresponds
to the ratio of saturation vapor pressures Sw/i. The number of molecules in the
cluster can be expressed as the product of the cluster volume and the number











with density of ice ρi, Avogadro constant NA and molar weight of water Mw.
Inserting Eqs. 2.2 and 2.3 in Eq. 2.1 leads to





πr3nni(T)kBT ln Sw/i(T). (2.5)
As can be seen in Eq. 2.5 the change in Gibbs free energy consists of two
terms: a positive contribution from the surface (surface term, ∝ r2) and a
negative contribution from the bulk (volume term ∝ r3). In this context a
positive contribution means that energy is needed to form a surface between
liquid water and ice. The negative sign implies that energy in the form of latent
heat is released while forming a volume. The change in Gibbs free energy, the
respective surface and volume terms according to Eq. 2.5 are illustrated in the
left panel of Fig. 2.1 for T = −35 ◦C. For small cluster sizes the surface term
9
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Figure 2.1: The change in Gibbs free energy as a function of cluster radius. In the left
panel the change in Gibbs free energy (dark blue) as well as the surface (red) and volume
terms (green) are shown for T = −35 ◦C. In the right panel the dependence of ∆Gn on
temperature is illustrated.
dominates while the volume term dominates for larger cluster radii. These
two competitive eects result in an energy barrier which is characterized by
the critical cluster size rcritn and the critical change in Gibbs free energy ∆G
crit
hom.
The critical cluster size can be derived by setting ∂
∂r
∆Gn = 0. It results to










As soon as rn ≥ rcritn nucleation is initiated and the molecular cluster will grow
continuously. Note that the critical change in Gibbs free energy is highly sensi-
tive to the temperature dependent interfacial free energy between liquid water
and ice, which is not measurable in practice (Vali, 1999). It turns out that the
temperature is a key parameter. The right panel of Fig. 2.1 shows the behavior
of the energy barrier with changing temperature. At 0 ◦C the energy barrier
is innite and nucleation will never take place. With decreasing temperature
∆Gcrithom as well as r
crit
n decrease making homogeneous ice nucleation more likely.
In particular at a low temperature, homogeneous ice nucleation is relevant in
10
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the atmosphere.
Assuming thermodynamic equilibrium of the critical clusters with the liquid
parent phase, the number of critical clusters Ncrit per unit volume can be
assumed to be Boltzmann distributed:






with Nv being the number density of molecules in the bulk liquid water
2. The
formation of critical clusters is also restricted by the diusion energy ∆Fdiff
across the water/ice interface. The ux of water molecules across the water/ice










with h being the Planck constant. The product of Eqs. 2.8 and 2.9 leads to















The rst term of Eq. 2.10 represents the ux of water molecules to the molec-
ular clusters (kinetic term) and the second one describes the equilibrium num-
ber of critical clusters in the liquid phase (thermodynamic term). In order to
calculate the homogeneous ice nucleation rate coecient several temperature
dependent parameters, namely σw/i, ni, Sw/i and ∆Fdiff , have to be known.
Measurements of σw/i and ∆Fdiff do not exist and hence parameterizations are
required to describe the temperature dependence, see therefore Appendix C.
Finally, considering homogeneous ice nucleation of a droplet, the product of the
nucleation rate coecient and the droplet volume Vd equals the homogeneous
ice nucleation rate Jhom:
Jhom(T ) = jhom(T )Vd. (2.11)
In contrast to the change in Gibbs free energy, the homogeneous ice nucleation
rate is a measurable quantity.
Concluding with some remarks deduced in former studies, the comparison of
experimental data obtained in laboratory and atmospheric observations with
CNT calculations shows poor agreement (Hagen et al., 1981; Sassen and Dodd,
2In Zobrist (2006) a typical value of 3.1× 1022 cm−3 is given.
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1988; DeMott and Rogers, 1990; Heymseld and Miloshevich, 1993; Cantrell
and Heymseld, 2005). One main reason for the discrepancy could be simpli-
ed assumptions of the CNT (assuming macroscopic properties for microscopic
quantities). Another reason are uncertainties in the required parameters (pa-
rameterizations of interfacial free energy and saturation vapor pressure). Fur-
thermore, potential inuence of surface crystallization eects are not taken
into account (Tabazadeh et al., 2002; Djikaev et al., 2002; Duft and Leisner,
2004; Shaw et al., 2005). However, CNT provides a phenomenological way to
interpret observations and gives a feasible method to start with in order to
parameterize homogeneous ice nucleation as a function of temperature.
2.1.3 Homogeneous ice nucleation in a droplet population
In the following a droplet ensemble of N0 air-suspended water droplets is con-
sidered. All droplets have an identical volume Vd. The thermodynamic con-
ditions are identical to all droplets. It is also assumed that the ice nucleation
event of an individual droplet is independent of those in other droplets. Fur-
thermore, the droplet freezing is the consequence of only one ice nucleation
event per droplet, i.e. one critical cluster is formed. As the crystallization rate
of ice is high and due to the latent heat release with the associated temperature
increase during the ice formation, it is very likely that the rst critical cluster
initiates freezing of the droplet before any other critical cluster is formed.
The heuristic approach3 is used to describe the homogeneous ice nucleation
process. Under the assumptions mentioned above the change in the number
of unfrozen droplets Nu with time t can be expressed as
dNu = −Nujhom(T (t))Vddt (2.12)
with the homogeneous ice nucleation rate coecient jhom. After the time inter-
val dt, dNu droplets are frozen. Integrating the dierential equation Eq. 2.12
from t = 0 to t with Vd = const. gives∫ Nu
N0




3Alternatively, Eq. 2.13 can be derived by assuming the nucleation process being stochas-
tic. Then the freezing events are Poisson distributed (Pruppacher and Klett, 1997). Assum-
ing an inhomogeneous Poisson process then the probability that Nf droplets have been




jhom(T )Vd · dt)Nf exp(−
∫ t
0
jhom(T )Vddt) (Shaw et al., 2005; Zobrist, 2006) with
P (Nf = 0, t) = 1−Nf/N0.
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The unfrozen fraction Nu
N0






. The so-called ice fraction fice can be directly attributed to
the probability of freezing. For T = const. the integral in Eq. 2.13 simplies
to
ln(1− fice(T, t)) = −Vdjhom(T )t. (2.14)
Note, the product of Vd jhom corresponds to the reciprocal of the characteristic
nucleation time. In case of a constant cooling rate γ the time integral can be
converted to an integral over temperature with γ = −dT
dt
:






2.2 Heterogeneous ice nucleation
2.2.1 Occurrence and heterogeneous ice nucleation modes
As heterogeneous ice nucleation is energetically preferred compared to homo-
geneous ice nucleation due to the catalysis by an INP, it can already occur
below 0 ◦C. In the troposphere, when sucient INPs exist heterogeneous ice
nucleation is a relevant process in cirrus (Sassen and Benson, 2000; Seifert
et al., 2003; Haag et al., 2003; Cziczo et al., 2013). In particular in mixed-
phase clouds heterogeneous ice nucleation is an important process (DeMott
et al., 1994, 1998; Ansmann et al., 2008, 2009; Seifert et al., 2010; Kanitz
et al., 2011; de Boer et al., 2011; Bühl et al., 2013). In the mesopause region
noctilucent clouds are formed due to heterogeneous ice nucleation of particles
from meteoric origin (Avaste, 1993).
Commonly, four heterogeneous ice nucleation modes are distinguished in
literature (Pruppacher and Klett, 1997): deposition nucleation, immersion,
condensation and contact freezing. The occurrence of the heterogeneous ice
nucleation modes depends mainly on temperature and saturation with respect
to water and ice, and properties of the INP. In the case of deposition nucle-
ation the water vapor directly deposits on the ice nucleating particle without
an intermediate liquid phase. The environment of the INP is supersaturated
with respect to ice, but subsaturated with respect to water. Usually, depo-
sition nucleation takes place at low temperatures (below −30 ◦C for mineral












Figure 2.2: Schematic of heterogeneous ice nucleation modes depending on temperature
T and relative humidity RH with respect to water and ice.
dust, Hoose and Moehler, 2012)4. Condensation freezing takes place at ice
and water supersaturated conditions. Water vapor condenses on the INP and
freezing occurs at the same temperature. Immersion freezing is dened as het-
erogeneous ice nucleation process where the particle initiating the freezing is
immersed in a supercooled water droplet. Initially, the INP is immersed in a
preexisting droplet or acts directly as cloud condensation nucleus and induces
droplet formation. Further cooling causes the droplet to freeze. Thus, the
droplet formation occurs at a higher temperature than the freezing. When an
4Deposition nucleation is hard to distinguish with other nucleation modes. When the
INP contains soluble material which becomes solved at the respective relative humidity, the
freezing could be considered as immersion or condensation freezing potentially inuenced
by freezing point depression due to solute (Wex et al., 2014b). In Marcolli (2014) very
recently, deposition nucleation was viewed as homogeneous or immersion freezing in pores
and cavities. In this regard Welti et al. (2014a) reported that the observed freezing behavior
of kaolinite below −38 ◦C could be explained by adsorbed or capillary condensed water
favoring ice nucleation.
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INP collides with the surface of a supercooled droplet contact freezing occurs5.
In this thesis I will mainly focus on immersion freezing. Furthermore, when
considering freezing of an aqueous solution droplet with an immersed INP the
solute also reduces the freezing probability as it is the case for homogeneous
ice nucleation (Zobrist et al., 2008; Koop and Zobrist, 2009; Knopf and Alpert,
2013).
2.2.2 Requirements for ice nucleating particles
The number of INPs depends on the temperature and the relative humidity
and is about one INP per liter at −20 ◦C, i.e. only one out of 106 aerosol par-
ticles serves as INP in the atmosphere (Pruppacher and Klett, 1997). The
question arises which requirements need to be fullled for an aerosol particle
to act as an INP. As the basic understanding of the ice nucleation mechanism
is not understood yet (Murray et al., 2012), only speculations of requirements
for INP can be mentioned. However, at present two dierent perspectives can
be summarized. On the one hand the total surface of an INP is considered to
be responsible for inducing ice nucleation and on the other hand it is thought
that ice nucleation takes place at specic sites. In the following a list of the
main requirements for INPs given in Pruppacher and Klett (1997) is discussed.
According to Pruppacher and Klett (1997) water insolubility is needed for a
particle to serve as INP. The present interpretation of the community is that
at least stable surface is required for ice cluster formation. For example solid
or crystalline hydrated salt particles can act as INPs (Abbatt et al., 2006;
Shilling et al., 2006; Baustian et al., 2010, 2012). Furthermore, some organic
matter is known to form glassy aerosol particles under cirrus conditions which
are non-crystalline solids and can serve as INPs (Murray et al., 2010), too.
The size of a particle plays also a role for its ice nucleation activity (Pruppacher
and Klett, 1997). Atmospheric measurements showed a positive correlation of
number concentration of INPs and concentration of large particles (Pruppacher
and Klett, 1997, and references therein). The size of INPs was found to be
in a range of 0.1µm to 15µm (Rosinski et al., 1980; Georgii and Stein, 1981;
Stein and Georgii, 1983). The size as well as the insolubility requirement are
not a necessary criterion. Organic compounds attached to surface soils in-
5The contact with the supercooled droplet surface can also take place from inside due to
particle movement or droplet evaporation processes (Shaw et al., 2005; Durant and Shaw,
2005).
Heterogeneous ice nucleation 16
duce freezing at temperatures around −8 ◦C although the size is much smaller
than 10 nm (Vali, 1968; Schnell and Vali, 1972; Schnell, 1974). Recently, in
Pummer et al. (2012) it is gured out that suspendable non-proteinaceous
macromolecules from pollen can be responsible for droplet freezing.
As the ice crystal lattice is held together by hydrogen bonds of specic strength
and polarity it is reasonable that INPs might possess the ability to form similar
bonds. Organic compounds can act as INPs when hydrogen-bonding groups
like −OH, −NH2 and = O are available (Head, 1961, 1962a,b). In Fukuta
(1966) organic substance e.g. m-Nitroaniline was shown to be ice active at
−1 ◦C.
In addition to the ability of INPs to form hydrogen bonds, the geometrical
arrangements of bonds are important. The crystallographic lattice of the INP
acts as a template for the ice lattice provided that the geometric arrangement
of the bonds is very similar. An high ice nucleation ability of long chain alco-
hols could be attributed to the structural match of those with the ice lattice
(Zobrist et al., 2007).
Pruppacher and Klett (1997) also mentioned the presence of active sites which
are preferred sites for ice cluster formation. But what is essentially a feature
of an active site? Primarily as a theoretical construct, an active site is a site
with a low energy barrier compared to the remaining particle (Fletcher, 1969)
and eventually ice nucleation at this specic site becomes independent of the
remaining substrate. Active sites arise from diverse origins. Most intuitively
to access might be that topographic surface features like pores, cavities, edges,
cracks etc. serve as active sites (Pruppacher and Klett, 1997). Less water
molecules are required to form the critical cluster and hence the energy barrier
is lowered. Chemical impurities at the substrate surface could be another type
of active sites (Gravenhorst and Corrin, 1972). Furthermore, doped surface
sites, hydrophobic or non-polar substrate regions serving as active sites should
be mentioned for completeness (Pruppacher and Klett, 1997).
Beyond the requirements for INPs given in Pruppacher and Klett (1997) the
above mentioned properties of particles promoting ice nucleation, e.g. the abil-
ity to form hydrogen bonds or the lattice match, can be features of active sites,
too. Alternatively, INPs without any active sites are also conceivable. How-
ever, the chemical and physical nature of active sites or INPs as well as their
relative impact on the dierent ice nucleation modes is still not well under-
stood. The diversity of INPs remains a challenge and therefore the mentioned
requirements can be interpreted as guidelines.
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2.2.3 Theoretical description
Classical nucleation theory
Similar to homogeneous ice nucleation, CNT provides a phenomenological
framework for the theoretical description of heterogeneous ice nucleation. In
case of heterogeneous ice nucleation the magnitude of the energy barrier for
critical ice cluster formation is reduced due to the catalysis by the foreign INP.
Due to the existence of the INP surface, the interface between the parent liq-
uid water and the solid ice phase is smaller compared to that of a full sphere
for homogeneous ice nucleation (Vali, 1999). Hence, less water molecules are
needed to form a critical cluster. The reduction of the energy barrier is ac-
counted for by multiplying the change in Gibbs free energy of homogeneous
ice nucleation with a reduction factor f(θ):
∆Ghet(T ) = ∆Ghom(T )f(θ). (2.16)
The reduction factor is a function of the contact angle θ. This theoretical
approach is based on a simple geometry, i.e. the ice cluster is assumed to be a
spherical cap6 on a uniform plane INP surface (e.g. according to Seinfeld and
Pandis, 1998; Zobrist, 2006), which is illustrated in Fig. 2.3. The cosine of the





with the interfacial free energy between the liquid water and the INP σw/n, the
nucleus and the ice σn/i, and between the water and the ice σw/i, respectively.
The cosine of the contact angle ranges from −1 to 1. −1 corresponds to θ =
180◦. This corresponds to a non wettable surface and hence to homogeneous
ice nucleation. For a contact angle of θ = 0◦, where the cosine equals 1, the
surface is completely wettable and ice nucleation takes place simultaneously as





(2 + cos(θ))(1− cos(θ))2. (2.18)
6More complex geometrical congurations exist that describe the ice cluster on the surface
of an INP. For example in Fletcher (1958) and Pruppacher and Klett (1997) the geometry
of a spherical cap on a curved surface is used. This geometrical approach is important for
small INPs, but if we permit an error of 1◦ of the contact angle the curvature eect can
be neglected only when the particle is fty times larger then critical radius. Furthermore,
Fletcher (1959) used a prismatic ice cluster growing on a plane substrate.
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Figure 2.3: Diagram of a critical ice cluster (i, light cyan) with critical radius rcrit on a
plane INP surface (n, gray) in supercooled water (w, blue) (left panel). σ with respective
index denotes the interfacial free energy between the dierent phases and θ represents
the contact angle. a is the radius and S is the interfacial surface area of the spherical cap,
i.e. the interfacial surface area between ice cluster and INP. In the right panel the radius
and interfacial surface area in dependence of θ are given as a function of temperature.
For θ = 90◦ the radius is identical with the critical radius and the interfacial surface area
is at a maximum.
In Fig. 2.4 the reduction of the change in Gibbs free energy is shown in com-
parison to homogeneous ice nucleation. The maximum of ∆Gn is reduced,
while the critical radius is identical in the homogeneous and heterogeneous
case (Eq. 2.6). I would like to especially draw your attention here to the tem-
perature dependence of the critical radius rcrit and related quantities such as
radius of the spherical cap a and the corresponding interfacial surface area
between INP and ice cluster S (right panel of Fig. 2.3). The latter two quan-
tities also depend on θ. For θ = 90◦ a equals the critical cluster radius. At
−40 ◦C rcrit is roughly 1 nm (S ≈ 3.4 nm2) and with increasing temperature
the radius and hence the interfacial surface area increases, too. In particu-
lar for T > −10 ◦C, a stronger temperature dependence can be observed. At
−1 ◦C rcrit is about 20 nm (S ≈ 300 nm2). Considering the eect of dierent
contact angles in the range of 0◦ to 90◦, with increasing contact angle the curve
shifts towards higher radii and surface areas, while the curve shape remains
constant7. The inuence of θ on the absolute values is in the range of one
order of magnitude.
As in the homogeneous case the temperature dependent heterogeneous ice nu-
7The same holds true for 90◦ to 180◦, but vice versa.
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Figure 2.4: The change in Gibbs free energy as a function of cluster radius for homo-
geneous (dark blue) and heterogeneous (gray, θ = 75◦) ice nucleation at T = −35 ◦C.















Eq. 2.19 is very similar to Eq. 2.10 with two dierences: the change in Gibbs
free energy is reduced by the reduction factor, and the number density of liq-
uid molecules in contact with surface of the INP8 is used. The heterogeneous
ice nucleation rate coecient describes the number of nucleation events per
time and surface area. As heterogeneous ice nucleation is a surface-controlled
process the heterogeneous ice nucleation rate Jhet is the product of the hetero-
geneous ice nucleation coecient and a surface area
Jhet(T ) = jhet(T )Sp. (2.20)
Usually, the total surface area of the particle acting as INP is applied. The
relevant surface area for ice nucleation can hence be a single particle or the sum
of particle surface areas in case multiply particles are immersed in a droplet
(Zobrist, 2006). Alternatively, in consideration of a special surface site with an
inherent low energy barrier which covers only a part of the particle surface, the
relevant surface area (ssite) is smaller. In general, the surface area is assumed
to be greater or equal to the interfacial surface area between spherical cap and
INP of the corresponding critical radius.
8A typical value for Ns is 1× 1019m−2.
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2.2.4 Heterogeneous ice nucleation in a droplet popula-
tion
In the following a droplet ensemble of N0 air-suspended water droplets is con-
sidered. In each droplet of the ensemble a particle is immersed and the surface
areas of all particles are identical. The thermodynamic conditions are identical
to all droplets. It is also assumed that the droplet freezing is the consequence
of only one ice nucleation event per droplet and that the ice nucleation event
in an individual droplet is independent of those in other droplets.
Basically, two seemingly contradictory theoretical points of view describing the
nature of heterogeneous ice nucleation exist: the stochastic and singular hy-
pothesis. The classical point of view (stochastic hypothesis), in principle based
on homogeneous ice nucleation, was developed by Bigg (1953), Carte (1956),
Carte (1959) and Dufour and Defay (1963). It is assumed that the surface of
the INP enhances the probability to form a critical cluster without disturb-
ing its stochastic nature. Consequently, considering the droplet population at
a constant temperature below 0 ◦C, continuous ice nucleation is taking place
with time (Fig. 2.5). More precisely, for t→∞ all droplets are frozen, i.e. fol-
lowing the stochastic hypothesis the ice nucleation process is time dependent.
time t
t   ∞stochastic 
hypothesis
T 
ice nucleation at T<0°C with T=constant

supercooled droplet ice particle
singular 
hypothesis
all droplets contain an ice nucleating particle
Figure 2.5: Temporal development of a supercooled droplet ensemble assuming singular
(green) or stochastic (red) ice nucleation behavior. Note, each droplet contains an INP
and secondary eects e.g. droplet evaporation due to Wegener-Bergeron-Findeisen eect
are neglected.
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In contrast, the singular hypothesis which was introduced by Dorsey (1938),
Levin (1950) and Langham and Mason (1958) follows a strictly deterministic
fashion. Therefore ice nucleation is considered to be time independent. The
ice nucleation occurs instantaneously at the characteristic temperature9. With
increasing time no further nucleation event takes place except the temperature
decreases again and the next characteristic temperature is reached. The tem-
poral development of the singular hypothesis is schematically illustrated in the
lower path of Fig. 2.5.
Experimental evidence for both theoretical approaches10 was found and until
recently a consistent theoretical description for both stochastic and singular
ice nucleation behavior was missing. Only when making use of synergy of both
hypothesis, experimental ndings can be reproduced reasonably (e.g. modied-
singular model, Vali (2008) and Soccer Ball Model (SBM), Niedermeier et al.
(2011b, 2014b)). Next, it will be dealt with a purely stochastic approach
based on a single contact angle, with a purely singular approach based on the
ice nucleation site density and at the end the advantage of the synergy of both
hypothesis is taken in terms of a contact angle distribution.
Stochastic ice nucleation - single contact angle
Referring to homogeneous ice nucleation theory (Sect. 2.1.3), heterogeneous
ice nucleation can be described by CNT. Heterogeneous ice nucleation is a
surface controlled process. So the particle surface area is applied instead of
droplet volume and the homogeneous ice nucleation rate coecient is replaced
by the heterogeneous ice nucleation rate coecient according to Eq. 2.19. The
change in the number of unfrozen droplets dNu in the time interval dt can be
described as
dNu = −Nujhet(T (t), θ)Spdt (2.21)
The integration with respect to time leads to∫ Nu
N0
d lnNu = −Sp
∫ t
t=0
jhet(T (t), θ)dt (2.22)
9At the characteristic temperature the "nucleation rate" is innitely steep. So there are
only two states, unfrozen for a temperature higher the characteristic temperature and frozen
for a temperature lower then the characteristic temperature.
10The stochastic hypothesis is supported by e.g. Shaw et al. (2005), Durant and Shaw
(2005), Zobrist et al. (2007) and Knopf and Alpert (2013) and the singular ice nucleation
behavior was found in e.g. Marcolli et al. (2007), Vali (2008), Niemand et al. (2012) and
Wright et al. (2013)
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and for T = const. 11 the integral simplies to
ln(1− fice(T, t)) = −Spjhet(T, θ)t. (2.23)
In this model, i.e. assuming a single contact angle θ, all particles are considered
to be identical.
Singular ice nucleation - Ice nucleation site density
Following the simple deterministic approach based on the singular hypothe-





The parameter kx(T ) represents the density of sites becoming active as tem-
perature is lowered by dT (e.g., Connolly et al., 2009). As a result, nx depends
essentially on the minimum temperature Tmin. In the following T is used in-
stead of Tmin for convenience. Commonly the ice nucleation site density nx is
related to e.g. the surface area or mass of a particle. In these cases the index
x represents s for surface and m for mass, respectively.
Considering a droplet ensemble where each droplet contains a particle, the
change in the number of unfrozen droplets dNu can be written as
dNu = −Nukx(T )XdT. (2.25)
Depending on the framework, the parameter X equals the surface area or mass
of the particle. With Eq. 2.24 the integration over temperature13 leads to the
simple formulation
ln(1− fice(T )) = −nx(T )X. (2.26)
Note, the ice fraction is only a function of temperature.
Stochastic ice nucleation - contact angle distribution
Following the stochastic ice nucleation with a single contact angle all parti-
cles are identical. In order to describe the freezing behavior of more realistic
11For a constant cooling rate the formulation is similar to Eq. 2.15 describing the homo-
geneous case.
12Note, the singular hypothesis has no theoretical foundation and hence nx is a purely
empirical quantity.
13Note that in this case the assumption of a constant temperature is not required.
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particles it is taking advantage of synergetic properties of the stochastic and
singular ice nucleation. This can be realized by allowing for heterogeneous
particle surface properties as well as particle to particle variations relevant for
ice nucleation (Vali, 1994; Marcolli et al., 2007; Lüönd et al., 2010; Nieder-
meier et al., 2011b; Murray et al., 2012; Welti et al., 2012; Niedermeier et al.,
2014b). In my thesis I will refer to the SBM developed by Niedermeier et al.
(2011b, 2014b), which is based on CNT. The advantage of the SBM is that the
ice nucleation potential of a particle is not only determined by a single con-
tact angle. In the SBM, the INP has a certain number of sites nsite with the
corresponding surface area ssite. To each ice nucleation site a specic contact
angle θi is assigned, which determines the ice nucleation rate coecient and
hence the ice nucleation potential of this particular site. The distribution of
contact angles is assumed to be a Gaussian probability density function p(θ)











The probability of a single droplet to be unfrozen Punfr at a given temperature
T and time t is given by
Punfr(T, µθ, σθ, t) =
∫ π
0








p(θ) exp(−jhet(T, θ = π) ssite t) dθ (2.28)
with the nucleation rate coecient jhet derived from CNT according to Eq. 2.19
(therein parameterizations given in Zobrist et al., 2007, are used). The second
and third term of Eq. 2.28 are introduced to subtract the contribution from
the continuous Gaussian probability density function out of the considered
interval [0, π] to avoid an underestimation of Punfr. The probability density
function of a given contact angle is equal for each particle in the population.
Consequently, the probability of freezing can be related to the ice fraction:
fice(T, µθ, σθ, nsite, t) = 1− (Punfr(T, µθ, σθ, t))nsite . (2.29)
Niedermeier et al. (2011b) found that with ice nucleation being treated fun-
damentally as a stochastic process using CNT the stochastic behavior can be
masked by the heterogeneity of ice nucleation relevant surface properties. This
is reected in a seemingly singular ice nucleation behavior. As a result, using
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the SBM, both limiting cases, the purely stochastic and purely singular ice




The Leipzig Aerosol Cloud Interaction Simulator (LACIS) is a multi-purpose
instrument for investigating aerosol-cloud interactions and cloud microphysical
processes such as particle hygroscopic growth, cloud droplet activation and
growth (Stratmann et al., 2004) as well as homogeneous and heterogeneous
freezing (Hartmann et al., 2011), which will be shown in this chapter. LACIS is
a ow tube which allows for the investigation of well-characterized, size-selected
particles where only one particle is immersed in each droplet under well-dened
thermodynamic conditions. In the framework of the present thesis, LACIS
was used to study the immersion freezing ability of mineral dust and bacterial
particles. More precisely, kaolinite being a proxy for atmospheric mineral
dust particles and Ice Nucleation Active (INA) protein complexes provided by
SnomaxTM were investigated. In this chapter, the experimental setup and its
application is explained in detail.1
3.1 Experimental setup
3.1.1 Particle generation
Dierent particle generation methods are available to generate airborne par-
ticles. To study kaolinite and INA protein complexes, the particles were pro-
duced by dry dispersion of a powder and atomization of a solution/suspension,
1This chapter is in part literally almost identical to my peer-reviewed publications Hart-














































































Figure 3.1: Schematic of the experimental setup. Dierent particle generation methods
from solution/suspension (A) and from powder (B), the size selection (C), additional
characterization methods for example cloud droplet activation (D) and the laminar ow
tube LACIS itself (E) are illustrated. The following abbreviations are used: Micro-Orice
Uniform Deposit Impactor (MOUDI), Dierential Mobility Analyzer (DMA), Condensa-
tion Particle Counter (CPC), Cloud Condensation Nuclei Counter (CCNC), Dew Point
Mirror (DPM), Thermostat (TH), Thermo-stabilized Optical Particle Spectrometer for
the detection of Ice (TOPS-Ice) and Leipzig Aerosol Cloud Interaction Simulator (LACIS).
respectively. Quasi-monodisperse particles were selected out of a polydisperse
aerosol. Both, particle generation methods and size selection, are described in
the following.
Beginning with the production of airborne particles from a powder, the par-
ticle generation procedure (B in Fig. 3.1) used in this study was similar to
that described in Niedermeier et al. (2010, 2011a). At rst, the kaolinite pow-
der (Fluka from Sigma Aldrich) was dispersed by means of a uidized bed
generator (TSI3400A, TSI Inc., St. Paul, Minnesota, USA). Due to multi-
ple collisions and arising friction eects in the generator, the air-suspended
kaolinite particles are multiply charged. To partially discharge the particles
a self-built Corona discharger was used. A cascade impactor (Micro-Orice
Uniform Deposit Impactor, MOUDI, Model 100R, MSP Corporation, Shore-
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view, Michigan, USA) with dierent possible impaction plate congurations
was used to remove larger particles from the aerosol. When selecting particles
with a mobility diameter of 300 nm, particles with an aerodynamic particle
diameter larger than 560 nm were removed from the aerosol in the MOUDI
with a cut o eciency of around 50%. In the case of 700 nm electric mobility
diameter particles, particles with diameter larger than 1000 nm aerodynamic
particle diameter were removed.
For the particle generation from liquids (A in Fig. 3.1), in a rst step, 1.6 g
SnomaxTM pellets were dissolved/suspended2 in 1 l double deionized water. An
atomizer (design similar to TSI 3076) was used to spray the solution/suspension.
The generated droplets were dried in a diusion dryer, and the resulting dry
particles were provided for further analysis.
As next step independently from the particle generation method, the size selec-
tion was performed (C in Fig. 3.1). For that a Krypton 85 neutralizer was used
to establish a bipolar equilibrium charge distribution on the aerosol particles.
In order to select a quasi-monodisperse particle size fraction from the aerosol,
a Dierential Mobility Analyzer (DMA, Knutson and Whitby, 1975) of type
"Vienna Medium" was used for particle sizes up to 800 nm. Alternatively, a
custom-built Maxi-DMA (Leinert, 2002; Raddatz et al., 2013) in combination
with an upstream cyclone impactor with adjustable cut-o diameter was in-
stalled in order to generate quasi-monodisperse particles of 1000 nm. Finally,
the aerosol ow containing quasi-monodisperse particles was split to feed oc-
casionally a Cloud Condensation Nuclei (CCN) counter for measuring cloud
droplet activation, a Condensation Particle Counter (CPC) to measure parti-
cle number concentration of so-called Condensation Nuclei (CN), and LACIS
to study the freezing behavior.
3.1.2 Laminar ow tube
Part of the aerosol ow containing the quasi-monodisperse particles was fed
into LACIS. Also preconditioned particle free sheath air was required to encase
the aerosol ow. In order to generate a wide range from −50 ◦C to +25 ◦C of
inlet dew point temperatures, the humidication of the particle free sheath air
ow was achieved by passing an air ow through the saturator (PH-30T-24KS,
Perma Pur, Toms River, New Jersey) and subsequently mixing the humidied
2SnomaxTM consists of a mixture of soluble and non-soluble material. Consequently, the
soluble material dissolves where the non-soluble material forms a suspension.
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air ow with a dry particle free air ow. The inlet dew point temperature of
the resulting air ow was monitored by a chilled mirror dew point hygrometer
(DPM, MBW 973, MBW Calibration Ltd., Wettingen, Switzerland).
The aerosol and sheath air ows were combined in the inlet section of LACIS,
which serves as heat exchanger for harmonizing the inlet temperatures of both
air ows. The sheath air and aerosol ow entered the ow tube in an isokinetic
fashion with a mean ow velocity of 0.4ms−1. Thereby, an aerosol beam
was formed with a diameter of 2mm in the center of the ow tube. The
laminar ow tube consists of seven linked one-meter tube sections with an
inner diameter of 15mm. The wall temperatures of the seven tube sections
were adjusted separately by thermostats (TH, section 1−5: FP50, section
6−7: LH85, Julabo, Seelbach, Germany). The temperature control of the
tube walls follows the counter ow principle, i.e. the cooling uids run in
the reverse direction compared to the ow inside the tube. To control and
monitor these wall temperatures, external resistance thermometers (Pt100, B
1/10 pursuant DIN EN 60751, additional calibration at TROPOS) were used
to control the refrigerant temperatures in the supply and measure them in the
return line of the cooling cycle of each tube section. With this conguration a
wall temperature accuracy of 0.10K with a stability of ± 0.01K for section 1
to 5 and for the last two tube sections an accuracy of 0.30K with a stability of
± 0.10K was attained. The wall temperature accuracy of 0.30K was derived
from the temperature uctuation of the water jacket refrigerant enveloping
the tube sections due to temperature regulation of the thermostat. The ow
tube is vertically oriented and operated in a top to bottom ow direction. The
ow inside the tube is laminar and axisymmetric with a stable, well-dened
aerosol particle beam at the center of the ow tube (Stratmann et al., 2004).
The freezing behavior of droplets passing through the laminar ow tube is
analyzed at the LACIS outlet with an optical particle spectrometer. Moreover,
downstream of the laminar ow tube, a second CPC (3010, TSI Inc., St. Paul,
Minnesota, USA) was used to measure the particle number concentration, and
a second DPM (MBW Calibration Ltd., Wettingen, Switzerland) was used to
monitor the dew and frost point at the outlet of LACIS.
3.1.3 Particle detection
At the outlet of LACIS, the Thermo-stabilized Optical Particle Spectrometer
for the detection of Ice (TOPS-Ice, Clauss et al., 2013) was used to analyze the
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phase state of the hydrometeors. The phase state distinction takes place via the
evaluation of the polarization state of scattered light in near-forward direction,
for further details see Appendix A. Utilizing TOPS-Ice, it can be distinguished
between unfrozen and frozen droplets. This allows for the determination of the
size of the unfrozen droplets and the ice fraction which is dened as the number
of frozen to the total number of frozen and unfrozen droplets.
3.2 Immersion freezing experiment at LACIS
3.2.1 Immersion freezing experiment at T < −25 ◦C
Basically, the last two LACIS sections were used to study the immersion freez-
ing behavior of aerosol particles while the other sections serve to stabilize the
initial conditions such as temperature, dew point temperature and ow prole.
To study ice nucleation processes at LACIS, the thermodynamic conditions
such as temperature and saturation with respect to water and ice inside the
ow tube have to be known. Due to the coupled heat-vapor diusion processes
taking place, the temperature, vapor concentration and saturation proles are
complex and spatially inhomogeneous. As particles are conned to the center
of the ow tube, the temperature and saturation proles at the ow tube cen-
terline are of special interest. In order to study the thermodynamic and also
the microphysical processes occurring inside LACIS under certain boundary
conditions, simulations were performed with a numerical model. The model is
a combination of the Computational Fluid Dynamics (CFD) code Fluent (An-
sys Inc., Canonsburg, PA, USA) and the Fine Particle Model (FPM, particle
dynamics GmbH, Wilck et al., 2002; Whitby et al., 2003). Fluent/Fine Particle
Model (FPM) is able to simulate the hygroscopic growth of the particles, their
activation to cloud droplets and subsequent condensational growth, as well as
homogeneous and heterogeneous ice nucleation processes under the prevailing
thermodynamic conditions inside LACIS, for details I refer to Appendix B.
Fluent/FPM model simulations of the thermodynamic proles and the mass
fractions of water in the dierent phases are shown for an immersion freezing
experiment in Fig. 3.2. For the numerical model the following boundary con-
ditions were applied: the inlet temperature and the inlet dew point were set
to 0 ◦C and −7.2 ◦C. The wall temperatures of sections 6 and 7 are identical.
Furthermore, the wall boundary condition for sections 6 and 7 was always set
to ice saturation (Si = 1), which corresponds to ice covered inner tube walls.
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Figure 3.2: Mass fraction of water vapor (red line, left ordinate), liquid water (green line,
left ordinate) and ice (blue line, left ordinate), as well as the axial temperature (Taxis, solid
gray line, right ordinate), saturation with respect to water (Sw, dash-dotted light gray,
rightmost ordinate), and ice (Si, dotted light gray line, rightmost ordinate) at LACIS
centerline for wall temperature settings Tw6,7 = −35 ◦C obtained with Fluent/FPM
(modied from Hartmann et al., 2011).
The seed particle/INP concentrations were set to 300 cm−3. As each droplet
contains a single seed particle/INP this results in a droplet number concen-
tration of 300 cm−3 as well. The particles were assumed to be spherical with
diameters of 300 nm and internally mixed consisting of an insoluble mineral
dust3 core and a small amount of ammonium sulfate4.
The thermodynamic proles and the mass fraction of water vapor, liquid water
and ice at LACIS centerline are given as a function of time for Tw6,7 = −35 ◦C in
Fig. 3.2. The last two tube sections are shown. The temperature prole (dark
gray line) exhibits a steep decline within section 6 (t ≤ 1.6 s) and approaches
the externally-set wall temperatures in section 7 (1.6 ≤ t ≤ 3.2 s). It should
3For Arizona Test Dust (ATD) as mineral dust surrogate, the following material proper-
ties were assumed: a molecular weight of 65.18 gmol−1, which is the mass weighted average
of the main constituent of ATD and a density of 2600 kgm−3 (Moehler et al., 2006).
4A small amount of ammonium sulfate with a mass fraction of 0.019 is assumed to
reproduce the activation behavior observed in CCN measurements, which are not shown
here. Details can be found in Niedermeier et al. (2010).
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be noted that after about 2.6 s, the temperature at the centerline Taxis reaches
the set wall temperature within a range of about +0.3K. This range is dened
as temperature uncertainty in LACIS. The vapor pressure over ice is smaller
than over supercooled water. Figure 3.2 shows proles for the saturation with
respect to water and ice. For both water and ice the saturation ratio rises
steeply until a maximum is reached, then decreases and approaches a constant
value. The actual proles depend on wall and inlet dew point temperature.
For constant inlet dew point, the lower the wall temperature, the higher are
the saturation maxima. At the outlet of LACIS the ice saturation approaches
1, while water saturation converges to a subsaturated level. The behavior of
supercooled water droplets and ice particles under these thermodynamic con-
ditions is explained in Fig. 3.2 in terms of mass fractions of water vapor, liquid
water and ice. Here, the mass fractions should be interpreted as total mass of
species i (water vapor, liquid water and ice) per total mass of gas. The red
line in Fig. 3.2 represents the water vapor mass fraction, which is dened by
the inlet dew point temperature. The mass fraction of water vapor decreases
along the centerline of LACIS. Sinks are the ux of water vapor to the inner ice
covered tube walls (boundary condition Si = 1), condensation of water vapor
on the droplets and deposition of water vapor on the frozen droplets. Consid-
ering the microphysical processes taking place, at rst the seed particles grow
hygroscopically. As soon as the water saturation increases above the critical
super-saturation, the seed particles become activated to liquid droplets, which
is seen in Fig. 3.2 as an increase in the liquid water mass fraction. Subsequently,
the droplets grow dynamically by vapor diusion (continuous rise of liquid wa-
ter mass fraction in Fig. 3.2) and reach their maximum droplet sizes, which
are approx. 3.5µm for Tw 6,7 = −35 ◦C. At about Taxis = −28 ◦C ice nucleation
starts taking place. The mass fraction of ice particles increases continuously
due to more and more droplets freezing and the depositional growth of the
already frozen droplets. Figure 3.2 clearly shows that the droplets are rst
formed at higher temperatures (Taxis ≈ −13 ◦C) and require further reduction
of temperature to freeze. This indicates that for these conditions, immersion
freezing is the only freezing process taking place. Once water saturation falls
below 1 (Taxis = −33 ◦C, t ≈ 1.6 s) the remaining unfrozen droplets start to
evaporate in the ice super- and water subsaturated environment due to the
Wegener-Bergeron-Findeisen eect5, and evaporate before passing the outlet
5In an ice super- and water subsaturated environment there is a net ux of water vapor
to the ice phase which leads to ice growth at the expense of liquid water.
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Figure 3.3: Experimentally determined pairs of inlet dew point temperature and wall
temperatures section 6 and 7 for similar droplet size proles.
of LACIS. In this particular example the droplets evaporate completely, but
commonly slightly higher inlet dew point temperatures are applied in order
to let the droplet survive even when they shrink during their passage. With
this, advantage of the newly-developed TOPS-Ice instrument is taken which
can detect droplets and ice particles having similar sizes as well as having
an observable guarantee that the determined ice fractions are not aected by
evaporation of the droplets at a too early stage. As already mentioned, the
saturation prole inside LACIS for the given boundary conditions strongly de-
pends on inlet dew point and wall temperature. In Fig. 3.3 experimentally
determined pairs of inlet dew point and wall temperature are given in which
the droplet size proles are similar and the droplets evaporate completely just
before they are detected. Operating LACIS in the parameter space above
the linear regression line in Fig. 3.3 ensures that droplets survive the passage
through the water subsaturated environment.
3.2.2 Proof of principle
The numerical model was also used to interpret experimental data obtained
with LACIS in order to understand the relative importance of processes in-
volved and checking the validity of assumptions made. Specically, here the
relative importance of homogeneous vs. heterogeneous ice nucleation during
immersion freezing experiments at LACIS, and the feasibility of assuming a
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Figure 3.4: Comparison of LACIS experiments (300 nm mineral dust particles: orange
cubes, highly dilutes ammonium sulfate solution droplets: black cubes) with Fluent/FPM
model simulations. The orange line represents the CNT-based parameterization derived
in Niedermeier et al. (2010). The model simulations applying either homogeneous ice
nucleation according to CNT (blue line), or heterogeneous ice nucleation based on the
parameterization (green line) or the combination of both (red line) (Hartmann et al.,
2011).
constant temperature when deriving parameterizations for ice nucleation rate
coecients from LACIS-measured ice fractions, was explored.
Figure 3.4 shows a comparison of ice fractions measured with LACIS and
calculated with Fluent/FPM as a function of temperature. The temperature
on the x-axis corresponds to the wall temperatures of sections 6 and 7 (Tw 6,7).
The ice fractions as measured for 300 nm mineral dust particles and for highly
diluted ammonium sulfate solution droplets are represented by the orange and
black squares, respectively. Looking at the experimental data in Fig. 3.4, it
becomes obvious that, when considering mineral dust particles acting as INPs,
at around T = −37.5 ◦C the slope of the fice vs. temperature curve becomes
steeper. A similar behavior can be found considering the ice fractions mea-
sured for the highly diluted solution droplets. The orange solid line represents
results from the CNT-based parameterization derived from LACIS measure-
ments (Niedermeier et al., 2010). The other solid lines correspond to results
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from Fluent/FPM with dierent assumptions for calculating the freezing rate,
see legend of Fig. 3.4. Shown are results determined assuming just homoge-
neous (blue line), just heterogeneous (green line), and both homogeneous and
heterogeneous (red line) ice nucleation being active. The latter curve compares
well with the experimental data, indicating that the Fluent/FPM is a suitable
tool for describing the complex uid/particle dynamical and phase transition
processes taking place in LACIS. The results from the model simulations
taking either homogeneous or heterogeneous ice nucleation into account show
clearly that immersion freezing is dominant for T > −38.0 ◦C, while at a lower
temperature homogeneous freezing is the main process. It should be noted
that in the parameter space investigated, heterogeneous ice nucleation is not
quenching homogeneous ice nucleation. Even for a reasonably eective mineral
dust INPs, there is a temperature range in which either both mechanisms can
be active or even homogeneous nucleation can be dominant, although every
supercooled droplet has a particle immersed. The apparently dierent tem-
perature dependence of the two freezing mechanisms and in particular the fact
that not all mineral dust particles act as INPs are reasons. The main reasons
for the observed behavior will be discussed later (Chap. 5).
Now concentrating on the temperature range in which immersion freezing is
dominant and comparing the orange to the green line (being covered by the red
one in the range of interest) it can be seen that the green line, corresponding
to the Fluent/FPM results, is slightly lower than the orange one represent-
ing data generated with the CNT-based parameterization. However, it is still
within the level of uncertainty of the experimental data. This parameterization
was determined assuming the temperature to be constant during the ice nucle-
ation process and equal to the wall temperature of the last tube section. The
time period where the temperature at the centerline is almost constant (de-
viation +0.3K) is taken as ice nucleation time. In contrast, the Fluent/FPM
simulations, even though being based on the same nucleation rate coecient,
account for the detailed temperature variation along the ow tube center line
(Fig. 3.2). The small dierence between the two data sets is indicative that
the assumptions made, both, nucleation temperature conforms with the wall
temperature of the last tube section and ice nucleation time is approximately
1.6 s are justied. Furthermore, these ndings concerning temperature and
time can be generalized for other types of INPs investigated at LACIS and for
other parameterization concepts.
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3.2.3 Immersion freezing experiment at T > −25 ◦C
Studying immersion freezing at T ≥ −25 ◦C necessitated to operate LACIS
with dierent settings. As Fig. 3.3 indicates with increasing wall temperature,
higher inlet dew point temperatures are needed to realize similar droplet size
proles at LACIS centerline. With that more water vapor is available which
is mostly transported directly to the ice covered inner tube walls enhancing
unwanted growth of the ice layer in particular in the upper part of the tube
section. Consequences are that the position of the aerosol beam is deected
from its ideal position and after a certain time period ice particles break o
from the grown ice shelf of the inner tube walls. These kind of transient eects
have to be avoided at all. As soon as such eect emerge they are detectable
with TOPS-Ice and the experiment is stopped to ensure undistorted measuring
conditions. However, LACIS operated with dierent boundary conditions fa-
cilitates to perform immersion freezing experiments also at T > −25 ◦C which
is described in the following.
Section 6 was used to form droplets above 0 ◦C and afterwards the droplets
were cooled below 0 ◦C in section 7. Thus the unwanted transient eects are
minimized. Then the following LACIS parameters were used: the inlet as well
as the wall temperatures of sections 1 to 5 were set to 25.0 ◦C, the inlet dew
point temperature was varied in a range from 23.7 ◦C to 24.2 ◦C. The wall
temperature of section 6 was kept constant at 0 ◦C. The wall temperature of
section 7 was set to the temperature of interest ranging from 0 ◦C to −25 ◦C. To
outline the thermodynamical conditions prevailing inside LACIS under these
boundary conditions, Fig. 3.5 depicts simulated temperature (upper panel) and
saturation with respect to water and ice (lower panel) at the centerline of sec-
tion 6 and 7, exemplarily for wall temperatures of −5 ◦C, −10 ◦C and −15 ◦C.
The temperature proles show a steep decrease in section 6, approaching the
wall temperature of 0 ◦C at the end of the section. The temperature decreases
further due to the lower wall temperature in section 7. At the end of section 7,
the temperature at the centerline matches the wall temperatures with a devi-
ation of +0.30K for −5 ◦C, of +0.53K for −10 ◦C, and of +0.76K for −15 ◦C.
These temperature deviations are accounted for in the data evaluation. As
can be seen in the lower panel of Fig. 3.5, the saturation with respect to wa-
ter rises very steeply in section 6, reaches its maximum, and then decreases
approaching water saturation at the end of section 6. As soon as the critical
super-saturation is reached, the particles are activated to droplets and these
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Figure 3.5: Axial temperature Taxis (upper panel) and saturation with respect to liquid
water Sw (solid lines, lower panel) and ice Si (dotted lines, lower panel) at the centerline
of LACIS as a function of residence time t in section 6 and 7 for dierent boundary
conditions (wall temperature Tw and inlet dew point temperature Td, IN). (modied
from Hartmann et al., 2013).
droplets grow dynamically to sizes of about 4µm at the end of section 6, de-
pending on the prevailing saturation. The water saturation decreases further
for a wall temperature of −5 ◦C. For wall temperatures of −10 ◦C and −15 ◦C,
the saturation with respect to water increases again at the beginning of section
7. This leads to further droplet growth. For all settings, the water-saturation
then decreases below 1, while the saturation with respect to ice approaches
1. Consequently, droplets evaporate slightly in the prevailing ice supersatu-
rated and water subsaturated environment. All experiments are carried out
for similar droplet size proles with 2.5 ± 0.5µm in diameter at the end of
section 7. Therefore, the inlet dew point temperature, as second parameter for
controlling droplet size, is adjusted accordingly.
Chapter 4
Immersion freezing of kaolinite
particles
The immersion freezing behavior of kaolinite was investigated in the temper-
ature range down to the homogeneous freezing limit. Thereby, the inuence
of droplet volume, particle surface area and time on the immersion freezing
behavior was studied. The results are presented here in comparison to earlier
experiments analyzing kaolinite particles from the same source.
4.1 Ice nucleation induced by airborne mineral
dust
Submicron kaolinite particles contribute signicantly to atmospheric mineral
dust particulate matter which can cause glaciation of atmospheric clouds. Both
facts will be documented in the following.
Mineral dust was found to cause glaciation of supercooled clouds (DeMott
et al., 2003b; Sassen et al., 2003; Mahowald and Luo, 2003; Seifert et al.,
2010). Analyzes of ice crystal residues indicate that mineral dust besides y
ash, metallic and biological particles, partially internally mixed with mineral
dust particles, contribute to atmospheric INPs (Kumai, 1961; DeMott et al.,
2003b; Twohy and Poellot, 2005; Richardson et al., 2007; Mertes et al., 2007;
Pratt et al., 2009; Kamphus et al., 2010). Its importance is also caused by
the fact that mineral dust is the largest natural source of particulate mat-
ter mass emitted from arid continental regions (Heintzenberg, 2009), where
major sources are located in Northern Africa, Middle East and Central Asia.
The global annual mineral dust emission is estimated to be in a range of
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Figure 4.1: Properties of the two-layer clay mineral kaolinite. A: a polygo-
nal representation of kaolinite's structure with Al(OH)8-octahedron (cyan) and SiO4-
tetrahedron3(blue). B, C:TEM images of kaolinite particles with mobility diameter
700 nm4
1000 − 5000Tg (e.g. , Schütz, 1980; Duce, 1995; Prospero et al., 2002; Cak-
mur et al., 2006; Goudie and Middleton, 2006). Furthermore, mineral dust is
transported thousands of kilometers all over the troposphere (Prospero et al.,
2002; DeMott et al., 2003b; Sassen et al., 2003; Tegen and Schepanski, 2009).
Saharan dust for example is transported over the Atlantic Ocean either to the
Carribean sea (Glaccum and Prospero, 1980; DeMott et al., 2003a; Ansmann
et al., 2008).
Airborne mineral dust is found in dierent particle size ranges in the atmo-
sphere. Near the source region, mineral dust particles exist down to a size
of 200nm in diameter and the largest mass fraction of dust particles is found
for 500 − 5000 nm (Kaaden et al., 2009; Kandler et al., 2009). After being
transported over long distances of several thousands of kilometers, half of the
dust surface is found in the submicron size range (Maring et al., 2003).
Airborne mineral dust is made up of complex mixtures of dierent particle
sizes, morphologies and mineral phases (Glaccum and Prospero, 1980; Schütz,
1980; Kandler et al., 2007, 2009) depending on the source region (Avila et al.,
1997; Ganor, 1991; Blanco et al., 2003). Following Murray et al. (2012), the
clay fraction which is about half of the atmospheric mineral dust is mainly
composed of varying fractions of illite, kaolinite and montmorillonite (Kumai,
1961; O'Hara et al., 2006; Zimmermann et al., 2008; Chudnovsky et al., 2009)
with the mass fraction of kaolinite being in the range of 7 − 41% (Johnson,
3Figure adopted from Murray et al. (2012).
4In courtesy of A. Kiselev from Karlsruhe Institute of Technology (KIT).
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1976; Glaccum and Prospero, 1980; Ganor and Mamane, 1982; Ganor, 1991;
Chester et al., 1984; Arnold et al., 1998; Kandler et al., 2011).
Kaolinite is a two-layer phyllosilicate with alternating SiO4-tetrahedron and
Al(OH)8-octahedron structure, which is shown in A of Fig. 4.1. Kaolinite orig-
inates from chemical weathering of aluminosilicates in particular feldspar. In
the present study, the immersion freezing potential of air-suspended kaolinite
provided by Fluka (Sigma AldrichTM) is investigated. Atkinson et al. (2013)
give the following composition of Sigma AldrichTM kaolinite: 83 % kaolinite,
6 % quartz, 5.5 % illite/mica and 4.5 % K-feldspar. In Fig. 4.1, TEM images
of kaolinite particles with mobility diameters of 700nm are shown. The quasi-
monodisperse particles with respect to electrical mobility appear as at cuboids
with varying sizes and indications for the layered structure of kaolinite can be
found in panel C.
4.2 Droplet volume independence
Heterogeneous ice nucleation is a surface area depending process. However, in
the literature contradicting perspectives can be found. In some laboratory and
modeling studies (e.g., Hoer, 1961; Pitter and Pruppacher, 1973, Pruppacher
and Klett, 1997 and references therein, Diehl and Mitra, 1998; Diehl et al.,
2002; Diehl and Wurzler, 2004; Diehl et al., 2006) it is assumed that immer-
sion freezing is droplet volume dependent, while other more recent laboratory
studies (e.g., Marcolli et al., 2007; Welti et al., 2009; Lüönd et al., 2010; Murray
et al., 2011; Welti et al., 2012; Broadley et al., 2012) assume that immersion
freezing depends on the particle surface area of the immersed particles instead
of on the droplet volume. Experimental studies claiming a droplet volume de-
pendence generally examined droplets produced from a suspension. I speculate
that the assumption of a droplet volume dependence results from the fact that
for a constant concentration of the suspension, larger droplets contain more
particles and hence have a higher available particle surface area, which causes
an increased freezing probability.
Moreover, homogeneous ice nucleation is droplet volume dependent, because
the formation of a critical ice cluster inducing freezing of the droplet depends
on kinetic eects and water molecule availability. Due to the presence of a
substrate the heterogeneous ice nucleation is energetically preferred as critical
cluster formation takes place directly at the surface of the INP, although the
exact mechanism is still unclear (e.g., Hoose and Moehler, 2012). Therefore,
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Figure 4.2: Ice fraction in dependence of droplet diameter for kaolinite particles with
mobility diameters of 300 nm and 700 nm at −35 ◦C. Each droplet contains only one
kaolinite particle and all particles have similar sizes.
it is reasonable that immersion freezing depends on particle surface area and
not on droplet volume.
The contradicting perspectives are an example of mistaking relation and causal-
ity. Of course there is a relation between freezing probability and droplet
volume assuming constant particle concentration in the suspension, but the
root cause is the surface area of particles contained in the droplets. To my
knowledge so far no measurements exist which show the droplet volume or
particle surface area dependence of immersion freezing quantitatively. Here, I
will show that the freezing probability of immersion freezing does not depend
on the droplet volume.
The analysis was performed for quasi-monodisperse particles with respect to
mobility size. Kaolinite particles of 300nm and 700nm in size were analyzed
separately at LACIS. The droplet size was controlled by varying the satura-
tion with respect to water. The results are shown in Fig. 4.2. With increasing
droplet sizes from 1.5 µm to 7.5 µm in diameter (factor of 125 in droplet vol-
ume), the ice fractions are constant for 300nm and 700nm kaolinite particles,
respectively, taking the measuring uncertainties into account. As a conclusion,
the freezing of droplets containing a single INP does not depend on droplet
volume.
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4.3 Immersion freezing results
The immersion freezing ability of kaolinite was studied in dependence of tem-
perature T and kaolinite particle size at LACIS. Figure 4.3 depicts the ice
fraction fice for kaolinite particles with a mobility diameter of 300nm (yellow
triangle), 700nm (red triangle) and 1000nm (black dots), and the homoge-
neous freezing curve of highly diluted ammonium sulfate solution droplets
(open blue squares). The measurement uncertainties given are the tempera-
ture uncertainties of ±0.3K and the uncertainties of fice. The latter correspond
to the respective standard deviations determined from at least three measure-
ments. Homogeneous ice nucleation has to be accounted for at temperature
values below−37.5◦C and becomes dominant with decreasing temperature. At
higher temperatures where immersion freezing is the dominating ice nucleation
process, kaolinite particles act as INPs with the largest particles (1000nm) be-
ing most ecient. 700nm kaolinite particles produce less ice and the smallest
ice fractions are found for 300nm kaolinite particles. In Fig. 4.3, it can be
seen that the ice fractions (a) increase exponentially with temperature and (b)
show a similar temperature dependence for dierent particle sizes right up to







Figure 4.3: Ice fraction as a function of temperature for dierent kaolinite particle sizes
of 300 nm (light and dark yellow), 700 nm (light and dark red) and 1000 nm (black). The
triangles denote charge uncorrected ice fractions and the dots present charge corrected
ones. Additionally, the homogeneous freezing of highly diluted ammonium sulphate so-
lution droplets is given (open blue squares).
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the homogeneous freezing limit, as the curves for the three dierent sizes of
kaolinite particles are parallel to each other. Both results give a hint to similar
ice nucleation properties of dierently sized kaolinite particles. This qualita-
tive nding is similar to that of Murray et al. (2011) for a dierent kaolinite
provided by the Clay Minerals Society.
In the following, a quantitative description of the surface area dependence on
the immersion freezing ability will be addressed.
4.4 Surface area dependence
The surface of an undissolved particle plays a crucial role for heterogeneous ice
nucleation as already mentioned. Today, it is generally assumed that the ice
nucleation probability is proportional to surface area of the particle acting as
INP, giving rise to parameterizations as e.g. given in Niemand et al. (2012). To
my knowledge, the particle surface area dependence of the immersion freezing
behavior of quasi-monodisperse INPs has not been quantied under conditions
for which droplets contain only single particles. Archuleta et al. (2005); Mar-
colli et al. (2007); Welti et al. (2009); Lüönd et al. (2010); Welti et al. (2012)
and Pinti et al. (2012) reported the surface area dependence of the immersion
freezing behavior qualitatively. In Niemand et al. (2012) immersion freezing
experiments were performed with polydisperse aerosol using measured particle
size distributions in order to determine the total particle surface area. Thereto
it has to be assumed that aerosol composition and surface properties do not
vary with size.
Murray et al. (2011) could already show the particle surface area dependence
quantitatively when analyzing immersion freezing of KGa-1b kaolinite from
the Clay Minerals Society with the cold stage method, where multiple parti-
cles are immersed in the droplets. They found the nucleation probability to
scale exponentially with particle surface area. In this context, Murray et al.
(2011) also speculated "... one kaolinite particle has very similar or identical
ice nucleating properties to another kaolinite particle and kaolinite particles
of the same size have the same probability of nucleating ice under a given set
of conditions. This now needs to be tested on a single particle basis ...". In
contrast Broadley et al. (2012), using a similar method as Murray et al. (2011)
with a dierent clay mineral, an illite sample, found only for low surface areas
immersed in the droplets that the medium freezing temperature scales loga-
rithmically with surface area. From this, they concluded that a strong particle
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to particle variation in terms of ice nucleation ability exist. Additionally, dif-
ferent dusts and even dierent types of kaolinite behave dierently concerning
their ice nucleation properties (Pinti et al., 2012). In summary, one can con-
clude from previous studies that for the study of the inuence of the surface
area on the immersion freezing behavior following experimental requirements
have to be fullled: monodisperse particles, separate examination of dierent
particle sizes and droplets in which only a single particle is immersed, which
was applied in the present thesis.
In order to quantify the surface area dependence on a simple way, a time
independent approach was followed (singular hypothesis), i.e. the ice nucle-
ation surface site density was derived. The critical ice cluster, which initiates
freezing of the droplet, forms on specic sites on the INP surface at a specic
characteristic temperature T . According to Eq. 2.26 in Sect. 2.2.4 and taking
the surface area of a particle as a basis for the ice nucleation site density, the
probability of freezing in terms of ice fraction fice can be described as:
fice(T ) = 1− exp (ns(T )Sp) (4.1)
with the ice nucleation surface site density ns. ns is dened as temperature
dependent number of ice nucleation sites per particle surface area Sp.
The aerosol in this case is composed of singly and multiply charged particles,
and is hence also a mixture of dierent surface areas (discussed in Appendix D).
As the objective here is to study the eect of surface area on the ice nucleation
eciency, the presence of particles with dierent sizes, which is referred to
an external mixture, has to be accounted for. In order to derive ns, multiply
charged particles for 300 nm and 700 nm had to be considered. The 1000nm
kaolinite particles were assumed not to be inuenced by multiply charged par-
ticles. The ice fraction of the droplet population with externally mixed INPs
can be described by the superposition of the ice fraction of the subpopulation





with fice,i(T ) = 1− exp(−ns(T )Sp,i). The derivation and explanations can be
found in the Appendix E in detail. The fraction ai of singly or multiply charged
particles of the resulting aerosol after size selection was derived from the CCN
measurements as discussed in Appendix D. The particle surface area was cal-
culated assuming a spherical shape of the particles. It was a priori assumed
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Figure 4.4: Ice nucleation surface site density ns in dependence of temperature T derived
from dierent particle sizes by applying the correction for multiply charged particles.
that the ice nucleation surface site density is identical for all kaolinite particle
sizes. Then ns is obtained separately for each selected size and temperature
by using Eq. 4.2. This results in three separate data sets for ns which all fall
together, see Fig 4.4. A ns parameterization can be given:
ns(T ) = exp (−0.53(T − 273.15) + 6.85) . (4.3)
In fact, the ice nucleation surface site density is no function of particle size
or rather particle surface area. For this reason, I found strong indications
for the a priori assumption that all particle sizes have a similar ns. This
implies that kaolinite particles of dierent sizes feature similar ice nucleation
properties. Note, this could only be achieved when accounting for multiply
charged particles.
To outline the eect of multiply charged particles on the freezing behavior, the
ice fractions are considered again. For that, the ice fractions of singly charged
particles are calculated with Eq. 4.1 using the derived temperature dependent
ice nucleation surface site density and respective geometrical surface area for
dierent particle sizes. In Fig. 4.3, the ice fractions of singly charged particles
are illustrated by dots. For 700nm particles, the charge correction leads to
a slight shift of the ice fractions to lower values, but still in the range of
the measurement uncertainties. The decrease of ice fractions when comparing
uncorrected and multiply charge corrected data is clearest for 300nm, where
the dierence between the two data-sets exceeds the measurement uncertainty.
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The question arises how representative are these immersion freezing results.
In literature, there is a number of studies investigating the immersion freezing
capability of mineral dust in particular kaolinite. Kaolinite samples from dif-
ferent sources vary concerning physical and chemical properties (Murray et al.,
2011; Pinti et al., 2012; Wex et al., 2014b). Therefore, for intercomparison, I
chose the studies of Lüönd et al. (2010) and Welti et al. (2012) in which kaoli-
nite from the same source (Fluka, same as that from Sigma Aldrich) was used.
In both studies the same instrument, a combination of IMCA/ZINC (Lüönd
et al., 2010), was applied for the measurements. The ice nucleation surface
site density was derived for both studies in consideration of the particle size
given in the paper and is illustarted in Fig. 4.5.
Beginning with results obtained in the present study, ns for the multiply charge
corrected 300nm, 700nm and 1000nm kaolinite particles fall together (t,
black line) as already shown in Fig. 4.4 and now in Fig. 4.5. ns scatter within
a factor of approx. 2.
Considering the ns values determined from the study of Lüönd et al. (2010)
and Welti et al. (2012), all data points shown in Fig. 4.5 can be presented to-
gether (t, brown line) although they scatter some more. The intercomparison
of results from earlier and the present study (Fig. 4.5) clearly demonstrates
an oset in derived ns values of roughly one order of magnitude, which needs
to be discussed. But before, it is worth mentioning that all derived ns from
Lüönd et al. (2010), Welti et al. (2012) and the present study show a similar
temperature dependence. From that, I conclude that kaolinite particles ana-
lyzed in Welti et al. (2012), Lüönd et al. (2010) and the present study most
probably feature similar ice nucleating properties.
Although a good agreement of temperature dependencies of the ice nucleation
surface site density can be found in all three studies, the absolute values of ns
show a signicant oset. This discrepancy is unexpectedly high as similar par-
ticles from the same kaolinite source are analyzed using a comparable method
and ns is assumed to be an instrument independent quantity. Potential rea-
sons for this discrepancy in the absolute values of ns could be eects of (i)
ice nucleation time, (ii) an overestimated surface area due to multiply charged
particles and (iii) dierences concerning chemical and physical properties in
the kaolinite sample.
Following the concept of the ice nucleation surface site density the time de-
pendence of freezing is completely neglected. The compared measurements are
carried out for dierent ice nucleation times. Dierences in the ice nucleation
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Figure 4.5: The ice nucleation surface site density ns is given as a function of temper-
ature T . Results are shown from Fluka kaolinite gained in the studies of Lüönd et al.
(2010), Welti et al. (2012) and the present study. ns values derived from ice fractions
given in Lüönd et al. (2010) and Welti et al. (2012) are averaged for clearness. Their
results are condensed by a t (brown line). The LACIS data for charge corrected and
uncorrected particles are summarized by the black and dark yellow line, respectively. For
all LACIS data, the ice nucleation time was 1.6 s. The residence time was 14 s in Lüönd
et al. (2010) and 9 s in (Welti et al., 2012), besides for the 800 nm data from (Welti
et al., 2012), where it was 1.1 s (brown open symbols, brown dashed line). For further
details I refer to the legend and the text.
time of the respective experiments (i) could contribute to the observed oset
in ns. Indications therefore can be found when comparing ns values derived for
similar ice nucleation times. In doing so, I choose ns derived from Welti et al.
(2012) for 800 nm and tice = 1.1 s (open brown diamonds), which is closest
to the ice nucleation time in LACIS of tice = 1.6 s, for comparison. The ns
values are slightly lower than the respective ones from Welti et al. (2012) for
a longer residence time and hence they are closer to ns derived from LACIS
experiments, but the observed oset cannot be explained by ice nucleation
time alone.
Concerning (ii), a neglecting of an overestimated surface area due to multiply
charged particles in the aerosol could lead to an overestimation of the freezing
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probability and therefore also to an overestimation of the ice nucleation surface
site density. Indications therefore are shown in Fig. 4.5 where the ns values
derived from uncorrected 300 nm kaolinite particles from the present study and
the corresponding t are presented. The ns values are higher than those which
have been corrected for multiply charged particles. Instead of a temperature
shift of around 5K between LACIS and Lüönd et al. (2010) and Welti et al.
(2012), the temperature dierence is only around 2− 3K.
Kaolinite purchased from Fluka is an industrial product. Dierences for dier-
ent Fluka kaolinite samples (from batch to batch) might be possible aecting
the eciency of freezing concerning (iii). However as mentioned above, I found
a similar temperature dependence of the ice nucleation behavior for LACIS
data and the data obtained in Welti et al. (2012) and Lüönd et al. (2010).
This is indicative of the same type of ice nucleation activity, and hence I as-
sume that the kaolinite used in all studies is similar.
As a rst conclusion, the oset in terms of ns observed when intercomparing
kaolinite from the same source might be caused by dierent ice nucleation
times and/or an overestimated surface area due to multiply charged particles.
To further investigate this issue, a time dependent approach will be adopted.
4.5 Time dependence
To investigate the eect of ice nucleation time on the immersion freezing be-
havior of kaolinite, the stochastic Soccer Ball Model (SBM, Niedermeier et al.,
2011b, 2014b, which is already introduced in Sect. 2.2.4) was applied to de-
scribe the experimental results. For this, in the following, I use the same
measurements that were introduced in the previous section to derive the pa-
rameter of the contact angle distribution (µθ, σθ). The measurements included
in this derivation were performed with LACIS, i.e. for an ice nucleation time of
1.6 s. Then the SBM using the same parameters µθ and σθ was used to model
immersion freezing measurements from literature (Welti et al., 2012), where a
variety of nucleation times was applied.
Before applying the SBM to the data, the measured ice fractions were con-
verted to an eective nucleation rate coecient jhet,eff in analogy to the de-
termination of ns. Eq. 4.2 is used with fice,i(T ) = 1 − exp(−jhet,eff(T )SP,it)
(according to Eq. 2.23), i.e. the data were corrected for multiply charged par-
ticles. All derived jhet,eff fall together as expected (Fig. 4.6). In the SBM, the
surface area of each site was set to a xed value: ssite = 10
−14 m2. This value
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Figure 4.6: Comparison of experimentally determined eective nucleation rate coef-
cient accounting for multiple charge correction and respective SBM t for dierent
temperatures and an ice nucleation time of 1.6 s. The same color code is used as before.
From the SBM t (black line) the parameters µθ = 1.87 rad and σθ = 0.25 rad result.
Additionally, a CNT curve for the mean contact angle of θ = 1.87 rad (gray dotted line)
is given.
is the same as that used in Niedermeier et al. (2014a), where it was chosen
such that it is larger than the base area of the critical ice cluster and smaller
than the surface area of the smallest mineral dust particle reported to induce
freezing in Welti et al. (2014b). Depending on the particle size, a dierent
number of sites (nsite) is present on the particle surface in the SBM, where
nsite was assumed to scale with the total particle surface area assuming spher-
ical particle shape. All particles of the same size have the same number of
sites, where nsite(300 nm) = 0.4, nsite(700 nm) = 2.2 and nsite(1000 nm) = 4.4
was assumed (D. Niedermeier, personal communication).
Using the SBM, its parameters were tted and the following values were ob-
tained: µθ = 1.87 rad and σθ = 0.25 rad (D. Niedermeier, personal communi-
cation). The corresponding curve is shown in Fig. 4.6. Note that the temper-
ature dependence of the individual nucleation rate coecients for the dierent
contact angles originates from CNT, i.e. the slope is much steeper. This is
indicated by the stochastic model with a single contact angle (gray dotted
curve). The eective nucleation rate coecient derived with the SBM shown
in Fig. 4.6 is the the result of the integration over all individual ice nucleation
rate coecients. The less strong temperature dependence of jhet,eff derived
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Figure 4.7: Comparison of experimentally determined (800 nm kaolinite particles from
Welti et al., 2012, symbols) and modeled (SBM, lines) ice fractions as a function of time
at dierent temperatures (top down: from −36 ◦C to −30 ◦C in 1K steps). Note, that
the same SBM parameter set µθ = 1.87 rad and σθ = 0.25 rad is used as derived from
the LACIS data.
with SBM is a result of a comparably broad distribution of contact angles
with σθ = 0.25 rad.
The experimentally determined jhet,eff and the SBM t are well constrained
within a factor of two as it was the case for ns following the time indepen-
dent approach. The fact that the experimental results can be reproduced with
the SBM parameter set of µθ and σθ, is highly suggestive for the assumption
made that the number of sites scale with particle surface area and hence the
statement that kaolinite particles feature similar ice nucleating properties at
dierent sizes as it was already found in the time independent description.
In the next step, the inuence of time is examined. SBM simulations using
dierent ice nucleation times are made. In Fig. 4.7 the ice fractions obtained
in Welti et al. (2012) and simulated with the SBM using the same parameters
as derived for the LACIS data are shown as a function of time for dierent
temperatures.
For the SBM simulations, a higher surface area and hence a larger number of
sites had to be assumed than one would expect from the examined particle
sizes as given in the paper in order to reproduce ice fractions given in Welti
et al. (2012). More precisely, instead of nsite = 5.7 which would correspond
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to 800 nm particles, nsite = 32.4 had to be used. This corresponds to a par-
ticle size of 1900 nm. With this assumption the identical SBM parameters
as determined from the LACIS experiments (Fig. 4.6) can reproduce Welti's
results (root-mean-square-error of 0.15) although largely diering ice nucle-
ation/residence times have been used for the measurements.
However, to apply a larger particle surface area/number of sites as one would
expect from particle sizes given in Welti et al. (2012) seems to be a rough
assumption. As a conclusion from the comparison of ns shown in Sect. 4.4, the
discrepancy of the derived ns obtained in Welti et al. (2012) and the present
study could most probably be assigned to either the inuence of ice nucle-
ation time and/or neglecting of an overestimated surface area due to multiply
charged particles. Assuming a larger particle surface area/number of sites in
the SBM, in which the time dependence is taken into account, results in a
better agreement of model simulations and experiments. Consequently, this
strongly suggests that the overestimated surface area might be the main rea-
son for the discrepancy observed for the immersion freezing experiments in the
study of Welti et al. (2012) and the present study. This might be also true for
the results obtained in Lüönd et al. (2010).
In the present study, I used a pre-impactor and got a signicant fraction
of unexpected multiply charged particles. In the case of using no or an in-
ecient pre-impaction system, the amount of multiply charged particles in
the aerosol sample might be even higher. Studying the immersion freezing
behavior of another mineral dust (ATD) using the same particle generation
method, in Niedermeier et al. (2010) and Niedermeier et al. (2011a), it was
found that multiply charged particles could be neglected. So the occurrence
of multiply charged particles when generating an aerosol strongly depends on
chemical and physical properties of the sample and generation method. The
Fluka kaolinite particles appear to be particularly prone to collect multiple
charges, because the same particle generation was used in Niedermeier et al.
(2010), Niedermeier et al. (2011a) and in the present study, and the fractions
of multiply charged kaolinite particles were clearly higher than those observed
for ATD. That clearly shows how important it is to determine the fraction
of multiply charged particles when investigating quasi-monodisperse particles
generated with a DMA.
Finally, as for both, the study of Welti et al. (2012) and the present study,
the identical contact angle distribution could be used to describe the ice nucle-
ating ability of kaolinite, the nature of ice nucleating sites seems to be similar
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for kaolinite investigated. Hence, both the study by Welti et al. (2012) and the
here presented analysis with the SBM show that a change in temperature of
about 1K corresponds to a change by one order of magnitude in ice nucleation
time. In addition, as a result from the present study, for the kaolinite inves-
tigated I can add that a lowering of 1K has the same eect than for example
an increase in particle size from 500 nm to 700 nm or from 700 nm to 855 nm
particle diameter assuming spherical particle shape.
As a general conclusion from both time independent and time dependent
descriptions of immersion freezing, (i) the kaolinite particles investigated have
similar ice nucleation properties at dierent particle sizes and (ii) can therefore
be described by a temperature dependent ice nucleation surface site density
following the time independent approach or alternatively by a contact angle
distribution taking time eects into account. Consequently, (iii) the probability
of freezing scales exponentially with particle surface area (fice ∝ eSp). To my
knowledge, the particle surface area dependence of the immersion freezing
behavior of quasi-monodisperse INPs was documented for the rst time under
conditions for which droplets contain only single particles. Furthermore, it can
be stated that the temperature range in which heterogeneous droplet freezing
occurs depends on the particle surface area present in the droplet and on ice
nucleation time. Consequently, ice fractions and onset temperatures alone may
not be the proper parameters to quantify ice nucleation behavior as they are
sample and instrument specic quantities.

Chapter 5
Immersion freezing of ice
nucleation active protein
complexes
The immersion freezing behavior of Ice Nucleation Active (INA) protein com-
plexes from atmospheric relevant bacteria was investigated in the temperature
range between −2 ◦C and the homogeneous freezing limit. Thereto, the oc-
currence and importance of INA bacteria in the atmosphere were discussed
and the properties of INA protein complexes were described. Then, the distri-
bution of INA protein complexes over a droplet ensemble were deduced from
immersion freezing results as well as dierent theoretical approaches were ap-
plied to describe the observed immersion freezing for dierent classes of INA
protein complexes. Finally, the combination of the newly-developed stoCHas-
tic modEl of similar and poiSSon distributed ice nucleating particles (CHESS)
and the existing SBM was applied to compare the results from the present
study with experimental data from literature1.
5.1 Ice nucleation induced by airborne bacteria
The importance of Pseudomonas syringae for atmospheric ice nucleation was
already suggested in the 1970s (Schnell and Vali, 1972). Maki et al. (1974)
and Vali et al. (1976) related the ice nucleation activity of organic matter from
decomposing plant leaves to the presence of this bacterial species. Besides the
1This chapter is in part literally almost identical to my peer-reviewed paper Hartmann
et al. (2013) and one results obtained in Wex et al. (2014a) is shown where I am co-author.
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rod-shaped and 1µm large P. syringae (see Fig. 5.1, panel A), other INA bac-
teria species, such as Pseudomonas uorescens, Pseudomonas viridiava, Pan-
toea agglomerans or Xanthomas campestris, have been described. These INA
bacteria can induce heterogeneous freezing at temperatures as high as −1 ◦C
(Morris et al., 2004) and are, therefore, among the most ecient INPs known
(e.g. Yankofsky et al., 1981; Levin and Yankofsky, 1983; Moehler et al., 2008).
Most of the INA bacterial species typically grow on plant surfaces, where they
cause massive frost damage at high subzero temperatures. In the 1980s, sig-
nicant research on P. syringae and other INA bacteria was performed in the
context of reducing frost damage on crops (Skirvin et al., 2000, gives an histor-
ical overview). Aside from residing on plant surfaces, P. syringae is commonly
found on decaying plant material (Maki et al., 1974; van Overbeek et al., 2010;
Monteil et al., 2012). Also soils harbouring dead plant material are suggested
to represent a common environment for this INA bacterium (Monteil et al.,
2012).
Due to natural (e.g. wind erosion) and anthropogenic (e.g harvesting) pro-
cesses, bacteria in general, and consequently also INA bacteria, can be dis-
persed into the atmosphere. Burrows et al. (2009) estimated that the mean
bacterial concentrations in air over land are > 104 cells per m3, which is in the
range of total INP concentrations in the atmosphere (102 − 105 per m3, Mur-
ray et al., 2012). Over agriculturally used areas, the number concentration of
bacteria can be even higher (106 − 109 bacteria per m3 given in Morris et al.,
2004, and references therein). Recently, it was found that the concentration of
biological aerosol particles including bacterial particles of type Pseoudomonas
and the concentration of INPs increased during and after rain fall (Human
et al., 2013). But, the exact spatial and temporal distribution as well as the
fraction of INA bacteria among all airborne bacteria remains poorly quantied.
However, species belonging to Pseudomonas have often been found dominant
among bacteria from fog and cloud water (Fuzzi et al., 1997; Amato et al.,
2007; Ahern et al., 2007). Christner et al. (2008) reported that about 0.4% of
bacterial cells in snowfall were ice nucleating active between −4 ◦C and −7 ◦C.
Morris (2008) found that P. syringae was ubiquitously present in precipitation
and freshwater and has suggested that INA bacteria are being disseminated as
part of the water cycle. Most recently, DeLeon-Rodriguez et al. (2013) found
that in particle samples from the middle to upper troposphere around 20 % of
the total particles in the diameter range from 250 nm to 1000 nm were viable
bacterial cells, and based on that they claim that bacteria are an important
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A B C
Figure 5.1: SnomaxTM particles originate from Pseudomonas syringae. SEM image of
Pseudomonas syringae (A)5, schematic of bacteria cell wall with INA protein complex
(ruby ellipsoids) attached to outer cell membrane (B) and SEM image of monodisperse
particles produced from a SnomaxTM solution/suspension with a mobility diameter of
500 nm (C)6.
and underestimated fraction of micrometer-sized atmospheric aerosol particles.
Concerning their ice nucleation ability, dierent INA bacteria may feature dif-
ferent behaviour. Even in the same population of P. syringae, Yankofsky et al.
(1981) and later Turner et al. (1991) identied three dierent types/classes2 of
bacteria. The most abundant one is class III, found in INA bacterial cells that
nucleate ice in the range from about −7 ◦C to −10 ◦C, and occurring in about
one of 300 cells to almost all cells (Yankofsky et al., 1981; Turner et al., 1990).
The class I and II bacterial INPs are associated with bacterial cells which in-
duce freezing already at temperatures around −2 ◦C and −5 ◦C. These two
classes occur much more rarely, and dierent publications give numbers of 1
in 103 to 1 in 106 for classes II and I (Yankofsky et al., 1981; Govindarajan
and Lindow, 1988; Turner et al., 1990, 1991; Cochet and Widehem, 2000).
The ability of INA bacteria to nucleate ice is caused by a special protein
anchored in the outer membrane of the bacterial cell wall (Wolber et al., 1986;
Warren and Wolber, 1987; Hew and Yang, 1992). For bacteria such as P. sy-
ringae the cell wall (Fig. 5.1, panel B) is made up of dierent layers where
proteins are attached to the outer membrane. Some of these proteins can be
ice nucleation active. The INA protein is encoded by a single gene (Orser
2Expression of type/class I, II, III or A, B, C can be found in literature.
5SEM image by G. Vrdoljak, Electron Microscopy Laboratory, U.C. Berkeley,
https://microbewiki.kenyon.edu/index.php/Bacterial_nucleation_in_pseudomonas_syringae.
6In courtesy of A. Prager from Leibniz Institute of Surface Modication (IOM).
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et al., 1985; Green and Warren, 1985), which is highly conserved among the
INA bacterial species (Warren and Wolber, 1991). The apparent molecular
weight of an INA protein is estimated to be 120− 180 kDa (Kawahara, 2002)
and its active surface area is given by Garnham et al. (2011) as 4 nm×32 nm.
The INA proteins have been repeatedly shown to aggregate in bacterial outer
membranes (e.g. Govindarajan and Lindow, 1988; Southworth et al., 1988;
Mueller et al., 1990; Schmid et al., 1997). Govindarajan and Lindow (1988)
estimated that two to more than a hundred proteins can be found in such an
aggregate. Southworth et al. (1988) reported that INA proteins were found
in groups of two to three. Through use of radiation analysis, i.e. by gradu-
ally decreasing biological activity in a P. syringae sample, Govindarajan and
Lindow (1988) derived that a single INA protein induces freezing at −12 ◦C.
Recently, Garnham et al. (2011) proposed that the INA proteins naturally form
oligomers of at least two, i.e. dimers. It is concluded that oligomers consisting
of two up to a few single proteins could correspond to class III bacterial INPs,
i.e. initiate freezing in the temperature range from about −7 ◦C to −10 ◦C
(Govindarajan and Lindow, 1988; Garnham et al., 2011), where the majority
of the INA bacteria can be ice nucleation active. Larger protein oligomers
are considered to be active at higher temperatures and are thought to be re-
lated to class I and II bacterial INPs (Schmid et al., 1997). Up to now, the
structure and functionality of the INA protein oligomers have not been nally
claried and are still the object of contemporary research (Garnham et al.,
2011). Within the scope of this work, I adopt the concept of aggregates of
INA proteins as the smallest ice nucleating entity and from here on I call this
entity INA protein complex as done in e.g. Morris and Sands (2012).
In this study, SnomaxTM (Johnson Controls Snow, Colorado, USA) was
used as convenient source for P. syringae bacteria. SnomaxTM consists of pel-
lets that contain non-viable P. syringae, their fragments, i.e. cell constituents
and fragments of the cell membrane with or without attached INA protein
complex, remnants of the nutrition medium used for bacterial cultivation, and
some other unknown byproducts. The average eective SnomaxTM density is
1.35 gcm−3 (Wex et al., 2014a). Usually, SnomaxTM is applied for articial
snow production purposes. However, as it contains P. syringae, which have
long been used as a model organism for atmospheric relevant INA bacteria,
I utilize SnomaxTM as a convenient source for these bacteria, or better, for
providing INA protein complexes as occurring on P. syringae and other atmo-
spheric relevant INA bacteria. For completeness, a SEM image of monodisperse
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particles produced out of a SnomaxTM solution/suspension with a mobility di-
ameter of 500 nm is shown in Fig. 5.1 on the right (C). The raisin-like particles
are on view on top of a lter with irregular surface structures and pores. Dis-
tinct denable structures with regard to proteins or other features can not be
observed. In fact, the particles generated from SnomaxTM solution/suspension
appear rounded o probably due to deposition of former dissolved material
during the drying of the sprayed solution/suspension droplets.
5.2 Immersion freezing experiments
The immersion freezing behaviour of size-selected particles (mobility diameter
Dp: 100 nm, 300 nm, 400 nm, 650 nm and 800 nm) generated from a Snomax
TM
suspension/solution was studied at LACIS. For 650 nm and 800 nm parti-
cles, the ice fraction fice was measured as a function of temperature in the
range from −6.6 ◦C to −38 ◦C, i.e. LACIS is used in both operation modes
for T > −25 ◦C and T < −25 ◦C as described in Sect. 3.2. The results are
shown in Fig. 5.2. The ice fraction curves are very steep, almost linear for














Figure 5.2: Ice fraction fice as a function of temperature T for 650 nm and 800 nm
particles generated from a SnomaxTM solution/suspension. (taken from Hartmann et al.,
2013).
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temperatures between −6.6 ◦C and −9.5 ◦C. The respective measurement un-
certainties are represented by single standard deviations determined from at
least three independent measurements performed under identical conditions.
As can be seen, for T ≤ −15 ◦C, the ice fraction curves level o to constant
values of about 0.2 and 0.4 for the 650 nm and 800 nm particles, respectively.
As the ice fractions do not increase any further, I conclude that a saturation
regime is reached, i.e. there are no further INPs present in the droplet pop-
ulation which can initiate freezing even at the low temperatures considered.
This suggests that only 20 % of 650 nm and 40 % of 800 nm particles generated
from SnomaxTM solution/suspension are ice active. As already introduced, the
ice nucleation ability of SnomaxTM and P. syringae results from INA protein
complexes attached to the bacterial outer cell membrane or fragments of cell
membrane. The results imply that only 20 % of the 650 nm and 40 % of the
800 nm particles generated from SnomaxTM solution/suspension contain one
or more INA protein complexes, and that the unfrozen droplets do not even
contain a single INA protein complex.
Before looking into the data in more detail, it should be claried to which class
(I, II, or III) of ice nucleation activity known for P. syringae, the majority of
INA protein complexes observed in my experiments belong. For the performed
experiments, droplets contained no or only a very small number of INA pro-
tein complexes. Between 1000 to 10000 frozen droplets, i.e. droplets containing
INA protein complexes, are counted for determining an ice fraction. Consid-
ering the respective probabilities given in the Sect. 5.1 (1 in 103 to 1 in 106 for
class II and I), it is unlikely that signicant and detectable numbers of class
I and II proteins are present in the droplets. Additionally, (a) the logarithm
of fice increases linearly in the temperature range from −6.6 ◦C and −9.5 ◦C,
suggesting that only one class of INPs is present, and (b) freezing occurs in a
temperature range similar to that reported by Yankofsky et al. (1981); Turner
et al. (1991) for class III ice nucleation activity. This suggests that class III
bacterial ice nucleation activity is observed in LACIS experiments, which ac-
cording to literature corresponds to protein complexes consisting of two up to
a few single proteins.
Having identied the ice nucleation activity class, I now return to the mea-
sured ice fractions, their saturation behaviour, and the resulting consequences.
The left panel of Fig. 5.3 shows ice fractions in the saturation range, denoted
as f ?ice and measured at about −15 ◦C, as a function of the size of the par-
ticles fed into LACIS. For 100 nm particles I observe a small detectable ice
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Figure 5.3: Ice fraction f?ice vs. mobility diameter Dp (left panel) at T = −15 ◦C
(saturation range). Measured λ and t function describing the average number of INA
protein complexes per particle generated from a SnomaxTM solution/suspension, as a
function of particle volume (D3p, right panel) (taken from Hartmann et al., 2013).
nucleation ability which is enhanced for 300 nm particles. From this and the
fact, that typically bacteria have a size of around 1000 nm, I can conclude that
the ice nucleating entity I am examining in the experiments is an INA protein
complex attached to fragments of outer membrane of the bacterial cell wall
and not to an intact bacteria cell. In general, fice, and consequently the num-
ber of INA protein complexes present in the particles, increases with particle
size. This and the fact that not all droplets contain an INA protein complex,
oers the possibilities to determine the average number of INA protein com-
plexes distributed over the droplet ensemble for each specic experiment, and
also the determination of the INP size distribution underlying the particle size
distribution resulting from atomization of the SnomaxTM suspension/solution.
These topics are dealt with next.
5.3 Distribution of INA protein complexes over
droplet ensembles
As not all droplets contain an INA protein complex, the number of INA pro-
tein complexes distributed over the droplet ensemble is small compared to the
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number of droplets forming the population. Consequently, it can be assumed
that the INA protein complexes are Poisson distributed over the droplet pop-
ulation (a similar approach can be found for other ice nucleating components
in Vali, 1971; Yankofsky et al., 1981). The probability that a droplet contains
k INA protein complexes (k varies in the range of k = 0, ..., n) is then given
by




with parameter λ, the average number of INA protein complexes per droplet.
The measured ice fraction fice, and consequently also f
?
ice, correspond to the
probability of freezing. Assuming that a droplet can only freeze if it contains
at least one INA protein complex, or the other way around that it does not
freeze if it does not contain an INA protein complex, the probability that a
droplet does not contain any INA protein complex can be written as
P (X = 0) = exp(−λ) = 1− f ?ice (5.2)
and consequently,
λ = − ln(1− f ?ice). (5.3)
Eq. 5.3 oers the possibility of determining λ, the expected value for the num-
ber of INA protein complexes per droplet, from the experimentally determined
ice fractions in the saturation range f ?ice. Eq. 5.3 is dened only for f
?
ice < 1,
i.e. in other cases λ cannot be determined.
As each droplet is grown on a single particle generated from the SnomaxTM
suspension/solution, and as during each measurement all droplets contain par-
ticles of the same size, the parameter λ corresponds also to the expected num-
ber of INA protein complexes per particle fed into LACIS. Consequently, λ
can be related to particle size. The right panel of Fig. 5.3 shows λ values as a
function of D3p, i.e. particle volume. As can be seen, λ is a linear function of
D3p, illustrated by the linear t (red line). This volume dependence of λ can be
explained as follows. The number of INA protein complexes in the atomized
solution/suspension is proportional to the mass of SnomaxTM used for produc-
ing the solution/suspension. Assuming that no demixing takes place during
atomization of the solution/suspension, the number of INA protein complexes
per generated particle is proportional to the particle mass. Furthermore, as-
suming that in the course of the droplet activation process inside LACIS all
INA protein complexes become accessible (i.e. the soluble particle fraction dis-
solves completely), a mass and, considering a size independent particle density,
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 100 nm; λ = 0.001
 300 nm; λ = 0.027
 400 nm; λ = 0.064
 650 nm; λ = 0.274
 800 nm; λ = 0.512
Figure 5.4: Probability Pλ for k = 0, 1, ..., 5 INA protein complexes per particle/droplet
(Poisson distributed) for dierent average numbers of INA protein complexes λ (taken
from Hartmann et al., 2013).
a particle volume dependence of the average number of INA protein complexes
per particle is expected.
Knowing λ as a function of particle volume, the distribution of INA pro-
tein complexes over a monodisperse particle population can be calculated by
means of Eq. 5.1. The respective results are shown in Fig. 5.4, depicting the
probability of k INA protein complexes occurring in particles of dierent sizes.
Considering a population of 100 nm particles, the majority of particles con-
tain no INA protein complex (k = 0), and only a very small fraction of 10−3
includes one protein complex (k = 1). For 300 nm particles, the fraction of
particles containing one INA protein complex is higher, and furthermore, a
minor fraction of particles has two INA protein complexes. For a particle di-
ameter of 800 nm, 40% of all particles contain basically either 1, 2, 3, 4 or
5 INA protein complexes. With this, the INP number size distribution nINP
can be determined from the number size distribution of the particles generated
from the SnomaxTM suspension/solution n0:
nINP = [1− exp(−λ(D3p))] n0. (5.4)
This is illustrated in Fig. 5.5. This Figure shows clearly that the majority
of the particles do not contain an INA protein complex, and therefore do not
function as INPs, whereby the fraction of particles with INP to those with-
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Figure 5.5: Number size distribution of particles generated from a SnomaxTM solu-
tion/suspension n0 and derived INP size distribution nINP (taken from Hartmann et al.,
2013).
out INP increases with increasing particle diameter. However, the presence of
INPs in the size range of a few 100 nm also shows that fragments of bacterial
cell membrane with intact INA protein complexes are present.
The INP number size distribution shown in Fig. 5.5 is in contradiction to
Moehler et al. (2008) who speculated, based on polydisperse measurements,
that only particles in the larger mode (Dp ≥ 600 nm) of the bimodal size dis-
tribution are ice active. Results obtained in the study by Wood et al. (2002)
support my nding of INA protein complexes being present also in smaller
particle size classes. They analyzed a ltered SnomaxTM solution/suspension
containing only particles with diameters smaller than 200 nm and observed im-
mersion freezing. For particles in the size range around 800 nm, where I expect
to nd the intact P. syringae cells, less than 50% of the particles functioned as
INPs. Under the assumption that all particles in this size range are intact bac-
teria cells, this implies that although the P. syringae contained in SnomaxTM
are grown under idealized conditions to maximize their ice nucleation ability,
apparently less than every other bacterium induces ice nucleation. This nd-
ing supports data available in the literature suggesting that the majority of P.
syringae cells have none, one or only little more than one ice nucleation site
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on their surface (Orser et al., 1985; Wolber et al., 1986; Lindow et al., 1989;
Attard et al., 2012).
Knowing the INP number size distribution, the ice fraction to be expected in
an immersion freezing experiment considering a polydisperse particle popula-
tion can be derived by dividing the integral over the INP size distribution by
the integral over the particle size distribution. For the distributions shown
in Fig. 5.5, I calculate an expected ice fraction of 0.4 % at T = −15 ◦C. This
agrees well with the result of a polydisperse measurement performed at LACIS
at the same temperature, which yielded an ice fraction of 0.55 %. The slightly
higher measured value can be explained by the fact that for the prediction only
particle sizes up to 800 nm could be considered, while it is likely that during
the experiment some particles with sizes larger than 800 nm (probably up to
about 1300 nm) are present. Up to here, I determined the average number
of class III INA protein complexes per particle. As each droplet in LACIS
contains only a single particle, the average number of INA protein complexes
per particle is equal to the average number of complexes per droplet. Know-
ing the average number of INA protein complexes per droplet, I can now deal
with the quantication of the ice nucleation ability of the class III INA protein
complexes.
5.4 Determination of the ice nucleation e-
ciency of single INA protein complexes
5.4.1 Class III
In order to analyze the immersion freezing behavior of a single INA protein
complex, a more complex model had to be developed and applied. Knowing the
number of class III INA protein complexes per particle/droplet, I quantied
their ice nucleation behavior in terms of contact angle distribution referring to
the SBM (Niedermeier et al., 2014b). Thereto, combining the assumptions that
(a) heterogeneous ice nucleation is inherently a stochastic process (Niedermeier
et al., 2011b), and (b) the distribution of INA protein complexes over the
droplet population can be described by a Poisson distribution, I developed the
stoCHastic modEl of similar and poiSSon distributed ice nucleating particles
(CHESS). The CHESS model can be considered as a tool for quantifying the
ice nucleation eciency of the INA protein complexes based on e.g. the ice
fractions measured at LACIS.
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In the model, it was assumed that all INA protein complexes are similar
with respect to their ice nucleation properties. Hence, the freezing probability
of one droplet containing one INA protein complex p1 at temperature T can
be described as:
p1(T, µθ, σθ, t) = 1− Punfr(T, µθ, σθ, t) (5.5)
where Punfr is the probability that no freezing takes place (Sect. 2.2.4, Eq. 2.28).
If a droplet possesses k > 1 immersed INA protein complexes, the probability
of freezing is increased due to a higher number of INA protein complexes. Fol-
lowing the assumption that all INA protein complexes have similar properties
the freezing probability of a droplet containing k INA protein complexes is
given by:
pk(T, µθ, σθ, t) = 1− (Punfr(T, µθ, σθ, t))k (5.6)
Considering, as a next step, a droplet ensemble with Poisson distributed
INA protein complexes at a certain temperature T , the probability of droplet
freezing is determined by the product of the probability that a droplet contains
at least one INA protein complex Pλ (k ≥ 1) and the probability pk that one
of those INA protein complexes induces freezing:
fice(T, µθ, σθ, t) =
n∑
k=1
pkPλ(X = k) (5.7)
Inserting Eq. 5.1 and Eq. 5.6, after several conversion steps, for details I refer
to Appendix F, following expression is obtained:
fice(T, µθ, σθ, t) = 1− exp(−λ(1− Punfr(T, µθ, σθ, t))). (5.8)
Eq. 5.87 is now a combination of the SBM and the newly developed CHESS
model accounting for Poisson distributed INA protein complexes8. It should
be noted that fice(T, µθ, σθ, t) corresponds to the probability that one droplet
7At this point, it needs to be mentioned that the approach (Eq. 5.7), i.e. the combina-
tion of the probability that a droplet contains at least one INA protein complex and the
probability pk that one of those INA protein complexes induces freezing, was developed in
the framework of this thesis and was already published in Hartmann et al. (2013). Contrary
to Hartmann et al. (2013), the SBM according to Niedermeier et al. (2014b) was applied
instead of a simple stochastic approach for describing the ice nucleation eciency of INA
protein complexes. Therewith, a similar approach was taken as in Niedermeier et al. (2014a).
8In general, the described method can also be applied to all other INA entities. Further-
more also dierent theoretical approaches instead of the SBM for describing ice nucleation
eciency are conceivable.
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out of a population freezes at temperature T after time t. The population
contains on average λ INA protein complexes with each complex featuring an
ice nucleation surface area ssite. Each temperature dependent heterogeneous
ice nucleation rate coecient jhet(θ) is assigned to a contact angle, where the
contact angle distribution is described by the parameters µθ and σθ.
In order to describe the ice nucleation eciency of single INA protein com-
plexes the objective to be achieved was the determination of the contact angle
distribution and hence its parameters µθ and σθ. All quantities of Eq. 5.8
except for µθ and σθ were known or could be reasonably estimated. The ice
fraction fice was measured and λ was determined from the measurement as
well. ssite was assumed to be 1.28× 10−16 m2 following Garnham et al. (2011)
in which this surface area is given for an INA protein. The ice nucleation
time t used for the determination of SBM parameters is here dened as time
period in which the temperature at the centerline of LACIS is in the range of
TOUT + 0.3K ≥ T ≥ TOUT, whereby TOUT corresponds to the temperature at
the centerline at the outlet of LACIS. The mean estimated ice nucleation time
of tice = 0.26 s was used. Ice fractions measured for 650 nm and 800 nm over
the whole temperature range investigated provide the basis for determining the
contact angle distribution with the combined CHESS/SBM. The parameters
µθ = 0.595 rad and σθ = 0.040 rad result from a t procedure (D. Niedermeier,
personal communication) and are valid for class III INA protein complexes in
the temperature range investigated and for the previously mentioned assump-
tions.
The contact angle distribution described by µθ and σθ is not a function of
initial particle size or more precisely the number of INA protein complexes
present in the droplets. Due to the fact that σθ = 0.040 rad is relatively small,
it can be concluded that the ice nucleation eciencies of single INA protein
complexes vary only slightly and hence can be considered to be similar (they
would be identical for σθ = 0). This small heterogeneity of the INA protein
complexes could basically imply both, variations in size and/or structure.
In Fig. 5.6 the combined CHESS/SBM results are shown for the 650 nm
(λ = 0.228, blue curve) and 800 nm (λ = 0.536, black curve) particles. Both,
the slope of the ice fraction curve, i.e. the temperature dependence, and the
ice fraction at saturation, are reproduced by the model. However, this is not
surprising, as the model parameters µθ and σθ are derived from this data. For
the polydisperse measurements performed at LACIS (light blue square), λ has
a value of 0.0055. The CHESS/SBM model (light blue line) predicts an in-
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Figure 5.6: A comparison of ice fractions measured (symbols) and calculated with
the combined CHESS/SBM (lines), see legend. The following parameters are used µθ =
0.595 rad and σθ = 0.040 rad for the calculations. Additionally, CHESS/SBM simulations
are given showing the eect of an increase in λ or t. The gray dotted lines from right to
left represents simulations for pairs of λ = 0.536 and t = 600 s, λ = 30 and λ = 1E + 6
at t = 0.26 s, respectively.
crease of the ice fraction from 5×10−4 to its maximum value for temperatures
ranging from −8.5 ◦C to −10 ◦C. The λ value for this polydisperse experiment
is quite low because most of the particles generated from the SnomaxTM solu-
tion/suspension do not contain any INA protein complex, as already shown in
Fig. 5.5.
The inuence of a change in λ or the ice nucleation time on the modeled ice
fraction is demonstrated by additional CHESS/SBM simulations shown as gray
dotted lines in Fig. 5.6. Keeping the contact angle distribution and λ constant,
an increase in time results in a shift of the onset temperature towards higher
temperature values. But slope and plateau of the curve are not inuenced.
This is illustrated by the dark gray dotted line in Fig. 5.6 which corresponds
to a considerably high ice nucleation time of 600 s of the 800 nm particles. It
can be seen that an increase in ice nucleation time by a factor of about 400
only shifts the freezing curve by 1K, towards higher temperatures, indicating
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an only weak time dependence of the ice nucleation behavior induced by the
examined INA protein complexes.
As a next step, I keep all parameters constant while λ is increased, which
corresponds to an increase of the number of INA protein complexes present
in the droplet population. As a consequence, the fice curve moves upwards to
a maximum of 1 while its slope changes very slightly, i.e. the slope becomes
steeper. This also results in an increase of the onset temperature of freez-
ing. This increase, however, is limited if unrealistic high numbers of protein
complexes are avoided9. By increasing λ up to very high values (e.g. 106) the
changes in slope and position on the temperature axis become minimal and
converge as indicated by the gray dotted lines shown in Fig. 5.6.
In summary, based on measured ice fractions, and utilizing the combined SBM
with the newly developed CHESS model, I am able to quantify the ice nucle-
ation eciency of a single class III INA protein complex being described by
the parameters µθ and σθ of the contact angle distribution. An asymptotic
behavior of the ice fraction could be observed for high λ values. That means
that the observed freezing behavior at higher temperatures which have been
described in literature (e.g., Maki et al., 1974; Lindow et al., 1982) can not be
described with the derived parameters µθ and σθ of class III protein complexes.
There must be another ice nucleating material. Already in Lindow et al. (1982,
1989) and Orser et al. (1985) indications can be found which attribute the ice
nucleation of P. syringae in a temperature above approx. −7 ◦C to class I and
II INA ice nucleation activity. This will be dealt with in the next section.
5.4.2 Class I/II
In the following the hypothesis is tested if the immersion freezing behavior at
T > −7 ◦C can be described by ice nucleation activity of class I and II protein
complexes. Very recently, in Wex et al. (2014a) ice nucleation mass site den-
sities were reported which are derived from dierent ice nucleation measuring
instruments analyzing identical SnomaxTM samples during an intercomparison
done in the framework of the Ice Nucleation research UnIT (INUIT), which are
illustrated in Fig. 5.7. This data set is used as a basis for the determination
of ice nucleation activity of protein complexes at T > −7 ◦C.
9This limit is determined by the SBM parameters µ and σ. The width of the contact angle
distribution narrows the slope of the ice fraction curves, i.e. the temperature dependence,
and the mean of the contact angle distribution limits the temperature range where the ice
fraction increases.
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Before this will be done, the ice nucleation mass site density nm was derived
from the SnomaxTM data analyzed in the present study in order to test if
the results obtained in Wex et al. (2014a) from dierent measuring methods
and the present study agree. The ice nucleation mass site density could be
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The calculated nm values obtained from LACIS measurements presented in
this study for 650 nm and 800 nm agree with those given in Wex et al. (2014a),
see Fig. 5.7, and consequently the data set which have been reported in Wex
et al. (2014a) can be used as a data basis. Furthermore, the fact that all
derived nm, although they are determined from measurements performed at
dierent residence times, agree suggests a very small time dependence of INA
protein complexes (Wex et al., 2014a).
Considering nm as a function of temperature, a step can be observed at
−7 ◦C and nm = 106 mg−1. This step separates the curve into two main parts.
The second mode at higher nm values up to 10
9 and T ≤ −7 ◦C could already be
clearly attributed to the immersion freezing of class III INA protein complexes.
Following ndings from Yankofsky et al. (1981), Govindarajan and Lindow
(1988), Turner et al. (1990, 1991) and Cochet and Widehem (2000) for intact
P. syringae cells, from the fact that (a) T > −7 ◦C and (b) nm values are about
three orders of magnitude lower than those observed for class III INA protein
complexes10, I can conclude that the ice nucleation behavior is most probably
attributed to that of class I and/or II INA protein complexes. However, the
immersion freezing capability of class I and II can not be clearly separated
from this data set and hence are summarized in the following.
In order to determine the contact angle distribution for describing the ice
nucleation ability of class I/II INA protein complexes, I used the combined
CHESS/SBM model for internally mixed class III and class I/II protein com-
plexes acting as INPs. Therefore, Eq. 5.8 is extended for two INP types inter-
nally mixed in analogy to Augustin et al. (2013):
fice(T, t) = 1− exp[−λI/II(1− Punfr(T, µI/IIθ , σ
I/II
θ , t))
−λIII(1− Punfr(T, µIIIθ , σIIIθ , t))]. (5.10)
10As already mentioned in Sect. 5.1, class I/II INA protein complexes are found to be
present in 1 out of 103 − 106 bacteria cells.
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Figure 5.7: Comparison of ice nucleation mass site densities derived from measurements
(data points) and calculated with the combined CHESS/SBM (lines) taking class I/II and
class III INA protein complexes into account. The following CHESS/SBM parameters
are derived for class I/II INA protein complexes: µ
I/II
θ = 0.446 rad and σ
I/II
θ = 0.032 rad.
As Eq. 5.10 accounts for an internal mixture of class III and class I/II protein
complexes acting as INPs, the transition regime can be describes as well as
both limiting cases, i.e. for purely class III ice nucleation activity (λI/II = 0)
and for purely class I/II ice nucleation activity (λIII = 0).
As a next step, combining Eq. 5.10 with Eq. 5.911 I get
nm(T, t) = ξ
I/II(1− Punfr(T, µI/IIθ , σ
I/II
θ , t))
+ξIII(1− Punfr(T, µIIIθ , σIIIθ , t)) (5.11)








11Note, this approach is analogous to Niedermeier et al. (2014a) where the SBM is con-
nected to the ice nucleation surface site density instead of nm.
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Table 5.1: SBM parameters of the contact angle distribution for class I/II and III INA
protein complexes.
I/II III
µθ [rad] 0.446 0.595
σθ [rad] 0.032 0.040
As a result, the ice nucleation mass site density is a superposition of the freezing
probability of class i multiplied by the corresponding specic average number
of INA protein complexes. ξ can be directly calculated from the average num-
ber of INA protein complexes (Eq. 5.12) or alternatively determined from nm
values of the step.
With this theoretical framework a bimodal t of the ice nucleation mass
site density could be done. The averaged Bielefeld Ice Nucleation ARraY
(BINARY) data from Wex et al. (2014b) which have been originally pub-
lished in Budke and Koop (2014) were used as the data basis for the t,
because this data-set shows the clearest discrimination between the dierent
INP populations. Following input parameters were used for the t: t = 0.26 s,
ssite = 1.28
−16 m212, ξIII = 1.41 × 109 mg−1, µIIIθ = 0.595 rad, σIIIθ = 0.04 rad
and ξI/II = 8.5× 105 mg−1 as input parameters. To t nm, µI/IIθ and σ
I/II
θ were
adjusted accordingly as they are the only unknown parameters.
The resulting SBM parameters are summarized in Tab. 5.1 and the t curves
are given in Fig. 5.7. Considering class I/II ice nucleation activity, the temper-
ature dependence and the step is reproduced. For class III, the curve resulting
from parameters µIIIθ and σ
III
θ derived from LACIS data alone shows a sucient
accuracy when comparing with the spread of data obtained during the INUIT
intercomparison. Overall the bimodal t covers the measurements within the
uncertainty range.
Having identied and parameterized both, the ice nucleation ability of class
I/II and class III INA protein complexes, the corresponding contact angle
distributions are applied to further experiments investigating SnomaxTM and
P. syringae as well in the following.
12As the structure and properties of INA protein complexes of class III, II and I as well
as their dierences are not understood, it is dicult to estimate the relevant surface area
for class I/II protein complexes. For convenience I assumed the same surface area for class
I/II as was already used for class III.
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5.5 Application of the contact angle distribu-
tions of protein complex classes I/II and III
to experimental data
In this section, the CHESS/SBM model (Eq. 5.10) is applied to experimental
data taken from literature. Thereto, I used the above-determined parameters
of the contact angle distributions for protein complex classes I/II and III, which
are summarized in Tab. 5.1. With this, the average numbers of INA protein
complex classes (λI/II and λIII) and the ice nucleation time t are the only
free parameters in the model, which had to be adjusted for reproducing the
experimental data. The ice nucleation time is often unknown and plays a minor
role as already mentioned above. Therefore, in the following considerations an
ice nucleation time of 0.26 s was assumed.
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Figure 5.8: A comparison of measured (data points) and calculated (lines) ice fractions
obtained from the combined CHESS/SBM with data from literature, see legend. Results
for SnomaxTM as well as P. syringae are shown. The applied SBM parameters are sum-
marized in Tab. 5.1. The respective relevant average numbers of INA protein complexes
are given in the legend.
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Accounting for class I/II and class III bacterial ice nucleation activity, the
whole observed temperature range from −1.8 ◦C to −12 ◦C could be described
using the CHESS/SBM model (Fig. 5.8). In other words, the whole range
from around 10−2 to 107 average INA protein complex/bacteria cell number
per droplet could be simulated. This was achieved by using the two parameter
sets of µθ and σθ for class I/II and class III protein complexes, as given in
Tab. 5.1.
Beginning with the lower temperature regime in which class III INA protein
complexes dominate the immersion freezing behavior, in Fig. 5.8, results from
SnomaxTM measured at LACIS could be reproduced with the CHESS/SBM
model, which was already discussed above.
Considering the transition temperature range between around−4 ◦C and−7 ◦C
in which all droplets contain class III and some also at least one class I/II INA
protein complex, the experimental results from Wood et al. (2002) and Yankof-
sky et al. (1981) are reproduced with the model accounting for both INA pro-
tein complex classes. In Wood et al. (2002) the immersion freezing of freely
falling droplets containing particles smaller than 200 nm from a SnomaxTM so-
lution/suspension ltrate was analyzed. The best representation is found for
λI/II = 0.2 and λIII = 10, however λIII cannot be unambiguously determined as
the maximal ice fraction already reaches one. The same applies to the study
of Yankofsky et al. (1981), in which the ice nucleation behavior of droplets
with multiple immersed P. syringae bacteria was investigated. In this case
the average numbers of INA protein complexes are derived with 0.35 and 35
for class I/II and III, respectively. When comparing the cell concentration
of about 5 × 106 − 2 × 107 cells drop−1 given in Yankofsky et al. (1981) with
average numbers of INA protein complexes determined by the model 3.5×101,
it stands out that the average numbers of INA protein complexes are much
smaller. This indicates that only a minor fraction of the investigated bacteria
was ice active, i.e. on average one out of about 2× 105 bacteria cells examined
in Yankofsky et al. (1981) carries a class I/II INA protein complex.
Considering the freezing behavior for T > −4 ◦C, every droplet of the popu-
lation contains at least one class I/II INA protein complex which enables this
relatively high freezing temperature. The results obtained in the studies of
Lindow et al. (1982) and Maki et al. (1974) investigating the freezing behavior
of P. syringae at high cell concentration are also reproduced with the com-
bined CHESS/SBM. That means that the temperature dependence, and the
shift of the ice fraction curve towards higher temperatures due to an increase
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in λ are represented by the model. Cell concentration and λ values are given
in the legend of Fig. 5.8. It is worth mentioning that the change in the av-
erage number of class I/II INA protein complexes is directly reected by the
change in cell concentration reported in Lindow et al. (1982), i.e. bacteria cell
concentration given in Lindow et al. (1982) and the predicted average number
of INA protein complexes with the combined CHESS/SBM are equal.
Concluding from the results presented above, it can be stated that the
CHESS/SBM model, accounting for two parameter sets of µθ and σθ for class
I/II and class III protein complexes, is capable of describing the ice nucleation
ability observed in various experiments for both SnomaxTM and P. syringae.
This implies that the immersion freezing behavior seems to be very similar,
regardless of whether the INA protein complex causing the ice nucleation is
attached to the outer cell membrane of intact bacteria or to cell membrane
fragments. Furthermore, it can be stated that the temperature range in which
heterogeneous droplet freezing occurs, and the fraction of droplets able to
freeze, both depend on the actual number and class of INA protein complexes
present in the droplet ensemble. Consequently, ice fractions and onset tem-
peratures alone are not be the proper parameters to quantify ice nucleation
behavior as they are sample and instrument specic quantities. It also suggests
that possible artifacts which are suspected to occur in connection with the drop
freezing method introduced by Vali (1971), as mentioned in the Introduction,
are of minor importance, at least for substances which induce freezing at such





6.1 Summary and Conclusions
In the framework of the present thesis, experimental and theoretical work
was carried out to improve the basic understanding of the immersion freezing
behavior of mineral dust and bacterial Ice Nucleating Particle (INP)s.
On the basis of model simulations, the operating principle of the Leipzig
Aerosol Cloud Interaction Simulator (LACIS) has been presented, outlining
the suitability of LACIS for both homogeneous and heterogeneous freezing
experiments, and dening the experimental parameter space in which such ex-
periments can be performed. These investigations provided the base for the
immersion freezing experiments with mineral dust and bacterial INPs in a tem-
perature range from 0 ◦C to −40 ◦C, which were carried out in the framework
of this thesis.
For studying the immersion freezing behavior of mineral dust particles,
kaolinite was chosen as a proxy. The investigated size-selected kaolinite parti-
cles were found to be ice active below −30 ◦C. It was demonstrated that the
immersion freezing process itself does not depend on droplet volume. Further-
more, the inuence of particle surface area on the immersion freezing ability
was investigated. I found that the generated size-selected kaolinite particles
contained multiply charged particles, which signicantly inuenced the mea-
sured freezing probabilities. In the framework of the present thesis, a method
was developed for a proper correction of multiple charge eects.
Proof was found for a clear relation between INP surface area and probability of
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freezing for the investigated kaolinite particles. In other words, the probability
to induce freezing scales exponentially with particle surface area. This could
be shown following either a time independent or a time dependent description
of the immersion freezing process. To my knowledge, the particle surface area
dependence of the immersion freezing behavior of quasi-monodisperse INPs
was documented for the rst time under conditions for which droplets contain
only single particles.
Furthermore, the immersion freezing behavior of the kaolinite particles ana-
lyzed in the present study was parameterized by a temperature dependent ice
nucleation surface site density, following a time independent description, and
alternatively by parameters of a contact angle distribution, applying the Soc-
cer Ball Model (SBM, Niedermeier et al., 2014b), and thereby following a time
dependent description of the immersion freezing process.
Comparison of the results gained in this thesis and those from earlier studies
considering kaolinite from the same provider (Lüönd et al., 2010; Welti et al.,
2012) showed a similar temperature dependence of the immersion freezing be-
havior. However, an oset of around one order of magnitude was found when
comparing absolute values of, e.g. the ice nucleation surface site density. Using
the SBM, and accounting for the time dependence of the ice nucleation pro-
cess, the ice nucleation ability of kaolinite found in Welti et al. (2012) could be
modeled for dierent ice nucleation times with the parameter set derived from
the results obtain in the present study. However to achieve agreement, a larger
particle surface area needed to be assumed. This suggests that, besides small
time eects, the observed discrepancies in ice nucleation surface site density
may result from the neglect of the eects of multiply charged particles in Welti
et al. (2012).
The parameterizations, i.e. temperature dependent surface site densities, and
parameters of the contact angle distribution presented in this thesis can be
used to describe the immersion freezing ability of kaolinite in cloud models.
Concerning bacterial ice nucleation, the immersion freezing behavior of
quasi-monodisperse SnomaxTM particles was investigated. SnomaxTM was used
for providing the Ice Nucleation Active (INA) protein complexes found to be
attached to the outer membrane of the cell wall of Pseudomonas syringae bac-
teria. These protein complexes were ice active at a temperature of around
−7 ◦C. Both, statistical analysis and temperature range in which freezing was
observed, are indicative for the examined INA protein complexes featuring a
class III ice nucleation activity. It was also found that only half of the bacteria
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carried an INA protein complex and hence were able to nucleate ice. This
supports data available in the literature.
The experiments performed at LACIS demonstrated that the freezing probabil-
ity of a droplet ensemble containing INA protein complexes featured a satura-
tion behavior, i.e. despite of decreasing temperatures, no further droplets froze.
This saturation behavior is indicative for that not all supercooled droplets con-
taining INA protein complexes. The average number of INA protein complexes
per droplet could be determined and was found to be a function of SnomaxTM
particle volume.
Assuming the INA protein complexes to be Poisson distributed over the droplet
ensemble, the stoCHastic modEl of similar and poiSSon distributed ice nucle-
ating particles (CHESS) model was developed in order to quantify the ice
nucleation eciency of single INA protein complexes. With the combination
of CHESS with the already existing SBM, I was able to derive a parameteri-
zation suitable for describing the ice nucleation activity of single class III INA
protein complexes in the temperature range up to −5 ◦C. In order to develop
a parameterization for bacteria induced ice nucleation at higher temperatures,
at which class I and II protein complexes have been found to be ice active, the
INUIT intercomparison data (Wex et al., 2014a; Budke and Koop, 2014) was
used. Furthermore, it is worth mentioning that the comparison of immersion
freezing results obtained in the framework of this study and the INUIT inter-
comparison (Wex et al., 2014a) showed good agreement.
Using the combined CHESS/SBM together with the parameterizations derived
for the class I/II and class III INA protein complexes, ice nucleation activi-
ties reported in the literature could be reproduced for both SnomaxTM and
P. syringae. This implies that the immersion freezing behavior seems to be
very similar, regardless of whether the INA protein complex causing the ice
nucleation is attached to the outer cell membrane of intact bacteria or to cell
membrane fragments. Finally, it can be stated that the temperature range
in which heterogeneous droplet freezing occurs, and the fraction of droplets
able to freeze, both depend on the actual number and class of INA protein
complexes present in the droplet ensemble. Consequently, as it already was
the case for kaolinite, ice fraction and onset temperature are inappropriate to
quantify the ice nucleation behavior. The derived parameterization are for use
in e.g. cloud resolving atmospheric models.
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6.2 Outlook
Generally, concentrations and composition of atmospheric ice nucleating par-
ticles, and their temporal and spatial distribution are largely unknown and
therefore of great interest. Although this holds for both, mineral dust and
biological particles, it is especially true for the latter. In this context, it is
interesting that INA protein complexes can exist separately from intact bacte-
rial cells. This could imply a decoupling of the protein complex and bacteria
cell number, and the possible enrichment of INA protein complexes on plant
surfaces or in soils. In this context, it is worth noting that Kleber et al. (2007)
found INA protein complexes to be well preserved and maybe accumulated
when being connected to mineral surfaces. Also Conen et al. (2011) found
that organic matter consisting of remains of microorganisms that took part
in the degradation of plant debris is responsible for enhancing the ice nucle-
ation of atmospheric mineral dust. Such an enhancement of the ice nucleation
ability of mineral and soil dusts by bacterial INPs could increase the impor-
tance of bacterial INPs in the atmosphere compared to the current state of the
knowledge. This is highly speculative and needs further investigations.
Laboratory studies in the form of quantitative experimentation as performed
in the present thesis are still mandatory, i.e. further studies on the ice nu-
cleation ability of other biological, more ecient mineral dust and soil dust
particles are needed, e.g. in order to identify the most ecient atmospheric
INPs. In particular for complex INPs such as soil dust, which is a mixture of
mineral and biological/organic components, it is mandatory to develop rst
an understanding of the ice nucleation behavior of articial mixtures of known
INA components, e.g. a mixture of biological and mineral dust. Here, besides
immersion freezing, other freezing modes should be considered as well.
Another topic in ice nucleation research could be to study the relative im-
portance of frequently occurring, but less ecient INPs, in comparison to rare,
but very ecient INPs, for the properties of mixed-phase clouds. In the course
of this, an interesting question is how many primary formed ice particles are
needed to trigger secondary ice formation, and how does this aect cloud prop-
erties. This could be realized in a cloud parcel model. The presented thesis
contributes to this issue with parameterizations of the ice nucleation ability for
kaolinite particles being ice active for T < −30 ◦C, and INA protein complexes
nucleating ice close to 0 ◦C.
Finally, I would like to mention that some conceptual aspects developed
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in the present thesis might be useful in future applications. The introduced
correction for multiply charged particles can also be applied to other types of
aerosol particles being externally mixed, to assure quality of derived quantities
or parameterizations.
Also, it is worth noting that the application of the CHESS model is not limited
to INA protein complexes only. In fact, it has already been applied for other
INP types, e.g. INA macromolecules from pollen (Augustin et al., 2013).

Appendix A
Particle detection and data
evaluation method
Particle detection
The fraction of frozen droplets as well as the droplet size distribution are
measured by an optical particle spectrometer called Thermo-stabilized Opti-
cal Particle Spectrometer for the detection of Ice (TOPS-Ice, self-built and
described in detail in Clauss et al., 2013) at the outlet of LACIS. The mea-
suring principle of the instrument uses the polarization signal in near-forward
direction of the scattered light caused by single particle in order to distinguish
between spherical and non-spherical particle shape. This allows the discrim-
ination of liquid water droplets (spherical) and ice particles (non-spherical)
having similar volume equivalent sizes.
The schematic setup of TOPS-Ice is shown in Fig. A.1. A diode-pumped solid
state continuous wave laser with a wavelength of 532 nm functions as light
source. Vertically linear polarized light is emitted. Behind the light source
and some lenses conguring the laser beam, an additional polarizer is used to
ensure purity. Subsequently, the laser beam is guided via glass windows into
the optical cell where the particles move through. The air-tight optical cell
ensures minimal perturbation of thermodynamic conditions between the outlet
of LACIS and the measuring volume. Particles move through the illuminated
measuring volume and scatter light in all directions. The light scattered by
individual particles is detected in 42.5◦±12.7◦ forward direction by three Pho-
tomultiplier Tubes (PMT A, B and C). For detector B and C the light beam is
split up and preceding detector C a second polarizer is installed transmitting
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only the horizontally polarized light component of the scattered light. Through
the applied optical bers having diameters of 400µm in case of detector A and
200µm for B and C, the measuring volume is determined due to intersection
of eld of views. The eld of view of detector B and C are embedded in that of
detector A to minimize edge zone error. A particle penetrating the measuring
volume is counted as valid when it is entirely within the measuring volume
and all detectors receive a signal at the same time. The intensity of a signal
pulse, caused by a particle penetrating the measuring volume and measured
by a detector, is a function of time and has a Gaussian shape. The signal pulse
is characterized by the pulse height and the pulse width. The pulse heights
and the pulse widths of all valid particles are sorted into seperate histograms.
Commonly, without explaining the background in detail (more information
can be found in Clauss et al., 2013), the pulse height of detector A is used to
determine droplet sizes. The fraction of frozen droplets, also called ice frac-
tion, can be derived from the pulse width distribution of detector C. The data
evaluation procedure with regard to both, the determination of droplet size













optical fiber (200 µm)
optical fiber (400 µm)
optical fiber (200 µm)
Figure A.1: Schematic setup of Thermo-stabilized Optical Particle Spectrometer for
the detection of Ice (top view, TOPS-Ice, Fig. adopted from Clauss et al., 2013).
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Data evaluation method
Beginning with the retrieval of the droplet size distribution, the distribution
of pulse heights received from PMT A is converted to the droplet size distri-
bution by means of the instrument specic response function. The response
function is rst calculated theoretically for the instrument specic scattering
geometry, second calibrated with monodisperse polystyrene latex microspheres
(PSL, Duke Scientic Corp., Palo Alto, CA, USA) of known size within a
size range of 250 nm to 1600 nm, and third scaled to the respective response
function of ammonium sulphate solution droplets (details described in Kiselev
et al., 2005). In Fig. A.2 an example of the measured pulse height distribu-
tion detected at PMT A (left), the response curve calculated for ammonium
sulphate solution droplets (middle), and the resulting droplet size distribution
(right) are illustrated. Due to the pronounced Mie-ambiguities, the determi-
nation of droplet sizes is more inexact compared to using a white-light source.
However, for an estimate of droplet sizes the described approach is acceptable.
Both, spherical droplets and non-spherical ice particles, scatter the incident
light while the scattered light is also depolarized in 42.5◦ forward direction.
When considering the pulse height distribution of the depolarization detector
C, no clear distinction between spherical and non-spherical particles is possible
(not shown here, please refer to Clauss et al., 2013). But based on the non-
linear relation between pulse height and width, a separation of the pulse width
distributions resulting from scattered and depolarized light from spherical and
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Figure A.2: Example of the measured pulse height distribution detected at PMT A
(left), the response curve calculated for ammonium sulphate solution droplets (middle)
and the resulting droplet size distribution (right).
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Figure A.3: Pulse width distribution detected at PMT C for low (left) and high (right)
ice fractions (Fig. adopted from Clauss et al., 2013).
non-spherical particles takes place, where spherical droplets have smaller pulse
widths compared to those of non-spherical ice particles. With this a discrimi-
nation of droplets and ice particles is possible and ice fractions can be derived.
Thereto, a t routine was applied to distinguish between the droplet and ice
mode. In Fig. A.3 two examples of the pulse width distribution measured at
detector C for small and large ice fractions are shown. The following steps
are taken in the data evaluation procedure: (1) a low pass lter is applied to
achieve a smooth distribution (black curve). (2) a Gaussian Distribution (red
line) is tted to the pulse width signal being attributed to the droplet mode.
The parameters of the t are the mean value µ, the standard deviation σ and
unfrozen droplet number Nu as an integral quantity. (3) the tted droplet
mode is subtracted from the ltered raw data. The resulting residual curve is
given by the blue line. Residuals on the left side of the droplet mode are caused
by particles passing through the edge zone of the measuring volume causing
an error. The residuals on the right side of the droplet mode are attributed to
the ice particles. To determine the number of ice particles, the largest pulse
width of the residual curve showing a zero-crossing is used as lower limit cut
o and all counts larger than that are attributed to the ice particle mode. The
integral gives the number of frozen droplets Nf . As a result, the ice fraction





Finally, the uncertainties have to be mentioned which occur with the detec-
tion and data evaluation method. Both are limited basically due to coinci-
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dence1 causing a lower detection limit and overlapping pulse width distribu-
tion increasing the Poisson error, details are described in Clauss et al. (2013)
and Ander (2012). To ensure minimal uncertainty, commonly at least 1500
valid particles are counted and inlet particle number concentration of maximal
300 cm−3 are used.
1Coincidence occur when two particles penetrate the measuring volume at the same time




The numerical model is able to simulate the hygroscopic growth of the seed
particles, their activation to cloud droplets and subsequent condensational
growth, as well as homogeneous and heterogeneous ice nucleation processes
under the prevailing thermodynamic conditions inside LACIS. The numerical
model applied is described explicitly in this Section.
The main uid dynamical processes to be considered are uid ow, and heat
and mass transfer. Concerning particle dynamics, transport and phase transi-
tions processes need to be accounted for. These processes are mathematically
described by the momentum, the vapor mass transport, the energy equation
and conservation equations for e.g. particle number and mass. The particle
dynamical equations account for transport due to convection, diusion and ex-
ternal forces as thermophoresis and sedimentation, as well as phase transition
processes such as condensation/evaporation and homogeneous and heteroge-
neous ice nucleation. The respective equations are coupled through latent heat
release and vapor depletion resulting from the phase transition processes.
To solve the coupled uid and particle dynamics equations for initial and
boundary conditions encountered in LACIS, the CFD code FLUENT (Ansys
Inc., Canonsburg, PA, USA) combined with the Fine Particle Model (FPM,
particle dynamics GmbH, Wilck et al., 2002; Whitby et al., 2003) are ap-
plied. For minimizing computing time, the simulations are realized on a two-
dimensional computational grid taking advantage of the system's rotational
symmetry. The uid momentum equation, assuming steady state conditions,
is given by
ρg(v · ∇)v = −∇pg +∇ · (ν∇v) + V + ρgg (B.1)
87
Numerical model 88
with the density of gas mixture ρg, velocity vector v, pressure pg, dynamic
viscosity of the vapor-gas mixture ν, the term V comprising viscosity terms
not accounted for in ∇ · (µ∇v), and the vector of gravitational acceleration g.
The vapor mass transport equation has the following form (Bird et al., 1960):
∇ · (ρgvξv) = −∇ · jv + Sv (B.2)
jv = −ρgDv∇ξv − ρgDvαv,g(1− ξv)ξv∇ lnT (B.3)
where ξv is the vapor mass fraction, jv represents the mass ux of vapor relative
to the mass average velocity, Sv species the vapor sink due to condensation
on particles, droplets or ice particles, Dv is the vapor diusion coecient in air
and αv,g is the thermal diusion factor of the vapor-gas mixture. The mass ux
of vapor jv is governed by two mechanisms: molecular (rst term of Eq. B.3)
and thermal diusion (second term of Eq. B.3).
The energy equation for an air-vapor mixture includes heat transport due to
conduction (rst term and rst part of the second term Eq. B.5) and va-
por transport accounting for the Dufour eect (second part of second term
Eq. B.5). This is expressed as
∇(ρgvhs) = −∇ · q + Sh (B.4)




with the specic enthalpy hs, the heat ux q, heat source Sh, thermal diusivity
α = kh/ρgcp with heat conductivity kh and specic heat capacity at constant
pressure cp. hv and hg are the specic enthalpies of vapor and gas, M , Mv and
Mg represent the molar weights of the mixture, the vapor and the dry carrier
gas, respectively. Hence Eq. B.2 and Eq. B.4 are coupled via mass transfer
due to phase transition processes and resulting release/consumption of energy
(Sh = LiSv with Li being either the latent heat of vaporization or fusion) on
the one hand and on the other hand due to mass ux of water vapor.
The Modal Aerosol Dynamics (MADWhitby and McMurry, 1997) is applied
to parameterize the particle size distribution. Therefore, the size distribution
is split into modes (represented by j) (Whitby and McMurry, 1997; Whitby
et al., 2002, 2003), each representing a distinct particle population. Here the
following particle populations are distinguished: seed particle-droplet mode
(j = 1), the homogeneously nucleated ice mode (j = 2) and the heteroge-
neously nucleated ice mode (j = 3). Basically two moments Mki,j (number
and mass) are used for representing each mode, i.e. the total particle number
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Table B.1: Particle dynamics equations (number concentration N (k = 0) and mass
concentration M (k = 1) in consideration of species i with ammonium sulfate (i = 1),
liquid water (i = 2), ATD (i = 3) and ice (i = 4)) for seed particle-droplet mode (j = 1),












k = 0 N1 −∇ · (ρg(vg + v)N1) +∇ · (ρgD1∇N1) − ρgρw M2,1 jhom(T ) −ρg S
∗
P jhet(T )
















k = 0 N2 −∇ · (ρg(vg + v)N2) +∇ · (ρgD2∇N2) + ρgρw M2,1 jhom(T )









k = 0 N3 −∇ · (ρg(vg + v)N3) +∇ · (ρgD3∇N3) +ρg S∗p jhet(T )








concentration Nj (k = 0) and the mass concentrations Mi,j (k = 1), with each
chemical component i in the particle being represented by its own mass mo-
ment. This corresponds to each mode being internally mixed, monodisperse
and moving in size space. From the considered moments, total particle mass
and size can be determined for each mode. The moment dynamic equations for
the number Nj and mass Mi,j concentration for the dierent modes are given in
Tab. (B.1) with external particle velocity v, gas velocity vg, particle diusion
coecient Dj and the single particle mass mi,j of substance i in mode j. The
particle diusion coecient is computed via Dj =
kTCC
3πνdp
, where dp presents
the particle diameter assuming spherical shape and CC is the Cunningham
correction factor, which can be calculated using










where λf species the mean free path of the gas molecules. For the description
of the dynamic growth of water droplets and ice particles, the single particle






















Si and Si,j describe the saturation ratios in the gas phase and over the particle
surface, whereby Kelvin and Raoult eects are accounted for. The equilibrium
vapor pressure is given by pi, fmass and fheat are the mass and heat transfer
transition functions, kg is the carrier gas heat conductivity and Li represents
the latent heat of evaporation and sublimation, respectively. Further quantities
in Tab. (B.1) are M2,1, the mass concentration of liquid water in the seed-
particle droplet mode, ρg, ρw the gas-mixture and liquid water densities, S
∗
P
the total surface area of the seed particles' insoluble core of all particles of
the population (S∗P = N0 Sp). N0 is the total particle/droplet number and
Sp is the surface area of a single particle, and jhom(T ), jhet(T ) represent the
homogeneous and heterogeneous nucleation rate coecient with the units per
water volume and time, and surface area of an ice nucleating particle and time,
respectively. In principle, dierent theoretical approaches can be assumed in
order to describe the nucleation rate coecient or an analogous parameter.
For model simulations shown in this thesis the homogeneous nucleation rate
coecient is dened by CNT according to Eq. 2.10 and for the heterogeneous
nucleation rate coecient a simple empirically determined parameterization1
derived in Niedermeier et al. (2010) is used. The phase transition model, which
transfers particles from the seed particle-droplet mode to either homogeneous
or heterogeneous ice mode, is implemented in the moment dynamics equations
via the respective sink/source terms Sk
hom i and S
k
het i. These sink/source terms
can also be interpreted as freezing rates. Skhom i is proportional to the total
liquid water volume of the considered droplet population and the temperature
dependent homogeneous ice nucleation rate coecient. Sk
het i is a function of
total particle surface area (only insoluble core) and the temperature dependent
heterogeneous ice nucleation rate coecient. Both quantities have the same
units: number of nucleation events per unit time and gas volume.










with T0 = 0
◦C, the constants C1 = 5.00 × 105K2 and
C2 = 8.24 × 101K and the tting parameter a = 1.31 and fhet = 4.51 × 10−2 valid for
ATD particles, t ≈ 1.56 s and −38 ◦C< T ≤ −34 ◦C.
Appendix C
Additional parameterizations
To describe the material properties of ice in the numerical model following
temperature dependent properties are required: density, heat capacity at con-
stant pressure, interfacial free energy between ice and vapor phase, latent heat
of sublimation, thermal conductivity and vapor pressure. For the ice density
ρi the parameterization in Pruppacher and Klett (1997) is applied:
ρi(T ) = 916.7− 0.175× T − 0.0005× T 2 (C.1)
with T in K. Heat capacity values of ice are given by Giauque and Stout (1936)
in a temperature range of 15 < T < 273K:
cp(T ) = 104.54 + 7.3245× T. (C.2)





according to Ketcham and Hobbs (1969) is used for the simulations. The latent
heat of sublimation Ls is derived from experiments of Murphy and Koop (2005):
Ls = 47425.017 + 31.053× T − 0.065× T 2. (C.4)








Utilizing a DMA for particle size selection, multiply charged particles can oc-
cur. These particles are larger than singly charged particles with the same
mobility, which consequently might inuence the ice nucleation probability
signicantly. Particles are selected according to their electric mobility if a
DMA is used for size selection (Knutson and Whitby, 1975). For example fol-
lowing possibilities of particle sizes in combination with electric charges result
from the selection of a single electric mobility: singly charged particles with a
diameter of 300 nm, doubly charged particles with a diameter of 507 nm and
triply charged particles with a diameter of 707 nm (Tab. D.1). Larger particles
with multiple charges are unlikely and can be neglected. In the following, I
speak of singly and multiply charged 300 nm particles for convenience.
The kaolinite particles were examined with respect to their ability to nu-
cleate cloud droplets in order to determine the fraction of multiply charged
particles. This was done using a Cloud Condensation Nuclei (CCN) counter,
together with a CPC. Particles of a constant size, selected with the DMA as
described above, were fed into the CCN counter and the CPC simultaneously.
The supersaturation inside the CCN counter was changed stepwise, and at
each supersaturation the activated fraction (AF ), which is the ratio of CCN
to CN, was determined. The curves obtained for particles with sizes of 300 nm,
500 nm and 700 nm are shown in Fig. D.1 (upper panel).
For particle sizes of 500 nm and 700 nm, a plateau in the activated fraction
at low supersaturations can be seen. These plateaus indicate the presence of
doubly charged particles, and from the plateaus the fraction of doubly charged
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Figure D.1: Activated fraction (AF ) at dierent supersaturations (SSw). Upper panel:
measured AF curves for 300 nm, 500 nm and 700 nm. Lower panel: Yellow curve as
above, dark blue and dark red curve are activated fraction curves for 500 nm and 700 nm
from which the doubly charged particles were subtracted. The black curve is the sum
(a500AF500 + a700AF700) with 0.35 and 0.21 for a500 and a700, respectively.
particles can be determined to be 36% and 12% for 500 nm and 700 nm, respec-
tively (see Tab. D.1). In a former study using the identical particle generation
setup, the same analysis for 300 nm ATD particles was performed and in that
case only a negligible amount of doubly charged particles was found. However,
in this study the amount of multiply charged particles is higher and hence it
has to be accounted for.
The activated fraction curves of the 500 nm and 700 nm particles from which
the doubly charged particles were subtracted and which were afterwards nor-
malized to show a maximum AF of 1 are shown in the lower panel of Fig. D.1.
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Table D.1: Size and fraction of singly or multiply charged particles of the resulting
aerosol after size selection.
mobility size [nm] 300 500 700
size of doubly charged particles [nm] 507 889 1277
size of triply charged particles [nm] 707
fraction of singly charged particles 0.44 0.64 0.88
fraction of doubly charged particles 0.35 0.36 0.12
fraction of triply charged particles 0.21
The activated fraction curve for the quasi-monodisperse 300 nm particles is
very broad which clearly indicates that multiply charged particles are present
in the aerosol. The sizes of doubly and triply charged 300 nm particles are
507 nm and 707 nm, respectively (see Tab. D.1).
As the sizes of doubly and triply charged 300 nm particles are close to 500 nm
and 700 nm, I determined the fraction of doubly and triply charged 300 nm
particles as follows: the activated fraction curves of the 500 nm and 700 nm
particles as shown in the lower panel of Fig. D.1 and the measured activation
curve for the 300 nm particles were all interpolated so that data existed in a
resolution of 0.01% wrt. supersaturation. All 500 nm and 700 nm particles
were activated for supersaturations above 0.3%, and hence in the following
only the range of supersaturations up to 0.29% was considered. Assuming now
a mixture of multiply charged particles having the same electric mobility, AF
for the particles with 300 nm mobility diameter (AF300 mobility) can be expressed
as for each supersaturation with respect to water
AF300 mobility = a300AF300 + a500AF500 + a700AF700 (D.1)
with ai and AFi being the fraction of singly or multiply charged particles of the
resulting aerosol after size selection and the activated fractions of respective
particle size. Based on Eq. D.1, a least square t was made to obtain a500
and a700, by assuming that AF300 = 0 below 0.29% supersaturation. The
resulting values are 35 % and 21 %, respectively (Tab. D.1), and the accordant
sum of non-singly charged particles is shown as black curve in the lower panel
of Fig. D.1. The yellow curve in this panel is again the activated fraction
measured for the 300 nm particles, and the good agreement between the black
and yellow curve up to a supersaturation of 0.3 % (i.e. an activated fraction
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of roughly 55%) indicates that indeed if selecting 300 nm particles, a large
fraction of the selected particles were doubly and triply charged particles. In
the following I account for the external mixture of singly, doubly and triply




I consider a droplet ensemble of N0 droplets. Each droplet contains one parti-
cle, where for the study presented here the particles have dierent sizes, being
singly, doubly and triply charged particles of the same electric mobiliy diam-
eter. It should be mentioned that the same treatment can also be done for
ensembles of INPs which consist of external mixtures of e.g. dierent sub-
stances. The total number of droplets is dened as sum of the number of
droplets belonging to ith subpopulation, where each subpopulation contains
particles of a single size or at least a narrow size range. It can be written as the
sum of the number of droplets of the respective subpopulations N0, i, or alter-
natively as the sum of products of fraction of occurrence ai (with
∑n































For the next step the singular approach is applied to describe the freezing
behavior (Eq. 4.1). It is assumed that the ice nucleation surface site density
ns is identical for all particles independently of the subpopulation. It follows:
Nu,i(T )
N0
= exp (−ns(T )Sp,i) (E.4)
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with the surface area Sp,i of particle type i. Then the total unfrozen fraction






ai exp (−ns(T )Sp,i) . (E.5)
Eq.(E.5) corresponds to the superposition of the unfrozen fractions weighted
by the fraction of occurence of type i. The same holds for the ice fraction fice
of the externally mixed droplet ensemble. Using Nu
N0
= 1 − fice and fice,i =





As a result, the ice fraction fice of the externally mixed droplet ensemble
can be calculated by the superposition of the ice fractions of subpopulation i
weighted by their fraction of occurrence ai. Equation E.6 can also be valid for
other theoretical concepts instead of the ice nucleation surface site density.
Appendix F
Derivation of the CHESS model
In this Appendix the derivation of the analytical solution for Eq. 5.7 is shown.




pkPλ(X = k). (F.1)











Next up, exp(−λ) is placed outside the brackets and λk
k!
is multiplied into the
brackets:











Then q = Punfr(T, µθ, σθ, t) is substituted











Subsequently, rewrite the sum beginning with k = 0

























for for large n, it follows
fice(T ) = exp(−λ) [exp(λ)− exp(qλ)] = 1− exp(−λ(1− q)). (F.6)
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Finally, I insert q = Punfr(T, µθ, σθ, t) again and the result is
fice(T ) = 1− exp(−λ(1− Punfr(T, µθ, σθ, t))). (F.7)
Equation F.7 can also be valid for other theoretical concepts instead of the SBM
using a contact angle distribution to describe the ice nucleation eciency.
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AF , AFi Activated fraction,˜ of subpopulation i
CC Cunningham correction
Cm mg m
−3 Dry mass concentration per volume liquid
Ddroplet µm Droplet diameter
Dj m
2 s−1 Particle diusion coecient
Dp nm Particle diameter
Dv m
2 s−1 Water vapor diusion coecient in air
H V Pulse height
Jhet s
−1 Heterogeneous ice nucleation rate
Jhom s
−1 Homogeneous ice nucleation rate
Li J kg
−1 Latent heat of species i
Ls J kg
−1 Latent heat of of sublimation
(Ls(T = 0
◦C) = 2.83× 106 J kg−1)
Lv J kg
−1 Latent heat of vaporization
(Lv(T = 0
◦C) = 2.5× 106 J kg−1 )
M Moment of mass concentration
M kg mol−1 Molar weight of the gas mixture
Ma kg mol
−1 Molar weight of air
Mg kg mol
−1 Molar weight of gas
Mw kg mol
−1 Molar weight of water
Mv kg mol
−1 Molar weight of vapor
N Moment of number concentration
NA mol
−1 Avogadro's constant
N0 Total Number of hydrometeors
Ncrit Number of critical ice clusters
Nf Number of frozen droplets
iii
Ns cm
−2 Number density of water molecules in contact
with surface of the ice nucleating particle
Nu Number of unfrozen droplets
Nv cm
−3 Number density of molecules in the bulk water
P Probability
Pλ Probability of the Poisson distribution
R J K−1 mol−1 Universal gas constant
(R = 8.31447215 J K−1 mol−1))
Rv J K
−1 kg−1 Specic gas constant for water vapor
RH Relative humidity
S m2 Interfacial surface area between spherical cap




het i Source/sink term
Si Saturation ratio of the gas phase
Si,j Saturation ratio over the particle surface
Si Saturation vapor pressure with respect to ice
Sp, Sp,i m
2 Particle surface area, ˜ of subpopulation i
S∗p m
2 Total surface area of the particle population
Sv kg m
−3s Vapor sink
Sw Saturation vapor pressure with respect
to water
Sw/i Ratio of saturation vapor pressures water
to ice
SSw Super saturation with respect to water
T ◦C, K Temperature
Taxis
◦C, K Axis temperature
T0
◦C, K Melting temperature of ice (T0 = 273.15 K)
TdIN
◦C, K Inlet dew point temperature
Tmin
◦C, K Minimum temperature
TOUT
◦C, K Outlet temperature
Tw, Tw,i
◦C, K Wall temperature, ˜ of section i
V kg m−2 s−2 Viscosity term
Vd m
3 Droplet volume
a nm radius of the spherical cap
iv
ai fraction of occurence of subpopulation i
cp J kg
−1 K−1 Specic heat capacity at constant pressure
dp m Mean seed particle-water
droplet diameter
fheat, fmass heat, mass transition function
fice, fice,i Ice fraction, ˜ of subpopulation i
f ?ice Maximum ice fraction
g m s−2 Vector of gravitational acceleration




−1 Specic gas enthalpy
hv J mol
−1 Specic vapor enthalpies
jhet m
−2 s Heterogeneous ice nucleation rate
coecient
jhom m
−3 s Homogeneous ice nucleation rate
coecient
jv kg m
−2 s Mass ux of vapor relative to mass
average velocity




−1 K−1 Heat conductivty of the carrier gas
kh W m
−1 K−1 Heat conductivty
mi,j kg Mass of hydrometeors
n Number of molecules in the cluster
n0 cm
−3 number size distribution of
SnomaxTM particles
ni m
−3 Number density of water molecules in
the ice phase
nINP cm
−3 number size distribution of INPs
nm mg
−1 Ice nucleation mass site density
ns m
−2 Ice nucleation surface site density
nsite Number of sites
nx Ice nucleation site density
p hPa Pressure
p(θ) Gaussian probability density function
pg hPa Total pressure of the gas mixture
pi hPa Equilibrium vapor pressure
v
pi hPa Saturation vapor pressure with respect
to ice
pk Probability that droplet containing k
ice nucleation entity freezes
pw hPa Saturation vapor pressure with respect
to water
q W m−2 Heat ux
r nm Radius
rcritn , rcrit nm Radius of critical ice cluster
rn m Radius of ice cluster consisting of n molecules
ssite m
2 Surface area of a site
t s Time
tice s Ice nucleation time
vg m s
−1 Gas velocity vector
v m s−1 Velocity vector
w↓ 1/s Flux of water molecules across the water-ice
interface
∆Fdiff J Diusion energy across water-ice interface
∆Ghet, ∆G
crit,het
n J, KJ mol
−1 Critical Gibbs free energy change of
heterogeneous ice nucleation
∆Gn J, KJ mol
−1 Gibbs free energy change of a cluster
consisting of n molecules
∆Gcrithom, ∆G
crit,hom
n , J, KJ mol
−1 Critical Gibbs free energy change of
∆Ghom homogeneous ice nucleation
∆GVn J, KJ mol
−1 Gibbs free energy change due to bulk
formation
∆GSn J, KJ mol
−1 Gibbs free energy change due to surface
formation
α m2 s−1 Thermal diusivity
αv,g Thermal diusion factor of
vapor-gas mixture
γ K−1 Cooling rate
θ, θi
◦, rad Contact angle
vi
λ Average number of ice nucleating entities
λf m Mean free path
µi J mol
−1 Chemical potential of ice
µw J mol
−1 Chemical potential of water
µθ
?, rad Mean of contact angle distribution
ν kg m−1 s−1 Dynamic viscosity of vapor-gas mixture




−3 Density of gas mixture
ρi kg m
−3 Density of ice
ρw kg m
−3 Density of liquid water
σ Standard deviation
σi/n N m
−1 Interfacial free energy between nucleus
and ice
σw/i N m
−1 Interfacial free energy between liquid
water and ice
σw/n N m
−1 Interfacial free energy between liquid
water and nucleus
σθ
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Hartmann, S., Temkiv, T.Š., Pummer, B. G., Augustin, S., Clauss, T.,
Niedermeier, D., Wex, H., Voigtländer, J., Gosewinkel Karlson, U., Grothe,
H. and Stratmann, F.:Immersion freezing of biological particles inves-
tigated at LACIS, European Aerosol Conference, 02/09-07/09/2012,
Granada, Spain, Oral presentation.
Hartmann, S., Augustin, S., Temkiv, T.Š., Gosewinkel Karlson, U., Clauss,
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